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ARSTRACT

In support of & theory for menuel control displays, and, in particuler,
for integreted displeys, a series of twc pilot experiments vere performed to
enlarge the dste base for the theory. A single-axis trecking experiment wes
perforzed with twe different controlied elements and four different display
formats. The effects of display furmat were seperetely evaluates from task
difficuity ard task verformance with & particulsr view toward quantificstiorn
of the piicts’' parafoveal perce~‘uel ability. Ir the second experiment
four different integraied displays were tested in e precision trecking tesk
with a view towerd guantifying the effect of integratiop in the display.
Different furms ¢f integretion of the Gisplay were found to strongly influ-
ence the pilois' ercess controul capacity which is the comiement of workioced.
Describing fuactions, remment, eye-movements, er. pilot op'nic~ dete were
also recorded in these experiments. Interpictation end .he conclusions 1o
bte drewn fror- a2l these~ data erz presented in the report.
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8y Displayed ersrcr of iiem a azong several displayed
quentities

AFCS Avtomatic Flight Control System

AT® Attitude displey

Ai Amplitude of the ith sinusoidal component in the

quasi-random ccmmend velocity input

b a Displayed error of item b among several dispiayed
quantities
3 { B, Longitudinal cyciic pitching momert control displece-
ggf‘ozsg ment in rad (see elso 8y s 86)
f‘ 5% c Pilect's control action
1;£§§
L% e, Pilot's control action in resrsnse to displayed
ﬁé error of item a
‘ ey Pilot's control action in response to displayed
*?% ercor of item b
Eg’éﬁ?
o 5 CRT Cathode Ray Tube
s
r%:} ¢(s) Laplace trarzform of control displacement
o
(&) _.g
o a Glide slope displscement guidance beam commsnd

& L
et
0

b
D Director display formst without any confidence-
ER inaplring situation iuformation
LF¥ Degcribing function
DFA Describing function analyzer
e Displayed error signal; also Naperian base 2.71828..,
2
€ Mean-squared error or time variance of error
(¢ 2 Square of the mean error or sqiuare of the time-
avereged error
e, Error criteriou
€4 Displayed error
efy Effective value
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HSI

Hz

Im

Ivsl

Th 103-2

Eye~-Point-of -Regard

Scanned and sampled (displayed) error

Laplace transform of displayed error signal

Flight Director
Mean fixation (scanning) frequency in Hz.

Mean fixation frequency on the displayed airspeed
uigual

Gravitational acceleration
Glide Slope Deviation display
Altitude

Vertical velocity

Altitude error

Horizontael Situation Indicator

Abbreviation for Hertz, a unit of frequency measure
equivalent to one cycle per sec.

Command input signal or forcing function symbol;
summation index

Laplace transform of cocmmand input
Indicated Air Speed

Time integral of error

Time integral of error-squared
Instrument Flight Rules

Instru.ent Landing System

Imaginary part of ...

Instantaneous Vertical Speed Indicator

Pitching ﬁgment of inertia of controlled element
in slug=fy

Ja j summation index

aiv
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Opereticrel argument of the Pourier trexsrirm;
alse imagirary part of the cczmplex arguzernt of
the Laplace trepsfuro

Suzmraticon index

Gain of a transfer Zunction or of a describing
function

Controllzd element gain in the roll axis
Controlled element gsin In the collective saxis

Velocity controlled element transfer function;
an integrater of corntrol input with gain K

Acceleration controlled element transfer function;
a double integrator of control input with gain K

Pilot's foveal describing function gain
Pilot's perceptual gain or ctienuation factor

Pilot's gain in response to motion cues, used
Tor lead equalization ~ TL

Pilot's adaptive gein in general; parafovea' gain
Pilot's compensatory gain

Pilot's gain in response to the dispiayed
longitudinal error signral

Longitudinal cyclic pitch control stick gain
Pilot's or flight director gain in regponse to
pitch attitude deviaticns from trimmed attitude

Pilot's guin ir resyonse to roll attitude devistions
from trimmed attitude

Controlled element state variables or output
motion gignsis; mass of the helicopter in slugs

Pitching mpﬁent spplied to controlled element;
integer !

Laplace transform of controlled element motion

(1/T,)(315/38,) in sec -
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rms, RMS

=2

3+ R

™ 185.2

(1/;Y)(3MVBQ) in gec”’

Scanning workload margin
(1/%Y)(BM/au) in ot gec™!

Equivalent "observation" remnant associated with
displayed error of item a

Equivalent "observation" remnant associated with
displayed error of item d

Pilot's remnant associated with control action, ¢

"Processing" remnant, i.e., portion of pilot's
remnant dependent on error level

Constant residual level of pilo%'s remnant

"Scanning" remnant, a special type of processing
remnant, n,

Integer

Crossover period, 2n/wb, in sec

Pitching angular velocity in rad/sec

Fixation transition probabilities {1in% values)

in the direction L + J and § -~ i, respectively ;
14

Pilot's perceptual rate weighting coefficient

Real part of ...

Root -Mean-Equared value

Complex argument of the Laplace transform

"State" display format without rate (no longitudinal

error rate symbol); also a dimensionless scanning
frequency ratio, wg/me(1 =~ %) = P, /'I’A

8ignal-to-noise power ratic

"State and Rate" display format (longitudinal
error rate symbol added to 8)

xvi



t Time

Ta Eye fixation dwell interval in sec
EB Mean value of P?ixation dwell interval in sec
T Mean fixation dwell interval on cathode ray
CRT
tube display
'I‘D Effective display lag time constant in sec
Td fuman operator's effective internal dwell
e interval given by product ﬂeTQ
Eﬁe Effective average dwell interval in sec
fh f Mean fixation dwell intervel on altitude and
! vertical speed displays
TI Lag equalization time constant in sec
TL Lead equalization time constant in sec
Ty, Value of T, sdopted for longitudinal (x=) position
* regulation in sec
TN Effective neuromuscular lag time constant in sec
T, Lower bound on the domain of Ts in sec
TR Rolling subsldence time constant for the helicopter
Ty Pixation (scanning) interval {n sec
T Mean fixation (scanning or sampling) interval
in sec
Tp EA Mean fixation interrupt interval, 1, - ﬁa
u Deviation in the longitudinal component of inertial
velocity from trimmed value in ft/sec
u, Command velocity in ft/sec
Ug Velocity error in ft/sec

TR 1832 xvii
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Random longitudinal gust velocity in ft/sec

Visual Fliguat Rules

Random normal (vertical) gust velocity in ft/sec

Displayed position error in ft

Longitudinal force applied to the controlled
element

(1/m)(0X/3B;) in f£t/sec®

(1/m)(3%/3dq) in ft/sec

(1/m)(3%/3u) 1n sec™

Controlled element dJdesecrihing function
Display describing fun-cion

Pilot's perceptual describing function,
representing operations such as cbservation,
scanning, sampling and reconstruction

Open loop frequency response function

Pilot's adaptive describing function, representing
operations such as equalization and summing

Pilot's describing function in operating on
displayed error of item a

Pilot's describing Minction in operating on
displayed error of itemd

Pilot's compengsatory descridbing function in general
Pilot's pitch attitude describing function
Pilot's roll attitude descridbing function

Mean fixation interrupt fractiod

Mean effective interrupt fraction

Mean foveal interrupt fraction

xvild
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Effective low frequency phase coefficient in the
extended crossover model;

M .
a = X %r'- %—) ; M, an integer which reflects
i=1\"L °I N the number of lower frequency
leads and lags

Value of a computed near unit-gain crossover from
describing function measurements

Normalized lower bound on the domain of Ts’ TO/EQ

Jateral cyclic rolling moment control displacement in
rad

Same as 8,
Collective 1lift control displacement in rad

Longitudinal cyclic pitching moment control
displacement in rad '

Incremental low frequency phase coefficient, e.g.,
such as that caused hy parafoveal perception

Incremental time delay which is a function of (...)

Pilot's incremental time delay caused by scanning,
sampling and reconstruction

Pilot's incremental time delay caused by low frequency
lead equalization

Damping ratio of a second order dynamic system
Damping ratio of a second ordevr lag
Demping ratio of a second order lead

Mean fixation dwell fraction, i&/ﬁ;, fractional
scanning workload, probability of fixation

Value of 1 for CRT Aisplay

Mean cffective dwell fraction = TL /T.
e

Maan foveal dwell fraction

xix



"D Mean fixaticn dwell fraction on flight director

LI Mean fixation dwell fraction on altitude and
Y vertical speed displays
N Mean fixation dwell fraction on airspezd
AS display
0 Pitch attitude angle ,
eC Pitch attitude command ‘
0, Pitch attitud~ error
A In/erse time constant of the first crder

divergence in the controlled element of the
(unstable) subcritical tracking task oo

A : Critical limiting value of A i

XCA’ XB Cross-adaptive or subcritical value of A, when
the suberitical tracking task is employed to
measure excess control capacity by adapting A '
as & function of primary task error ‘ '

) My, Altitude divergence parameter . -
M Roll attitude (spiral) Aivergence parameter ' '
Hy? kh Altitude divergence parameter : v
' i
v Fixation or look fraction
VeRT Fixation or look fraction on Cathode Ray Tube L .
display - '
Vi Fixetion or look fraction on altitude and '
’ vertical speed displays
Vu Fixation or look fraction on airspeed display
A3 !
n 3.14159.44; also umed for look fraction in sorme
of the original literature
(4] [}
. E
Pp rror coherence, agi/oﬁ |
pﬁ Velocity error coherence’
e
2 Bignal variance in time ,

TR 18%-2 x%
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zant and its first 2erivetive o waich ike rzan

operaetor ic respouding

Ipput-corve.ated error veriapce

Iwoorrelated error variance {caused by re=nent)

Ccxmard input or forcing function veriarcce

Buman operetor's IS fixation dwell intervail or

gstarndard deviation in Td

Human operator's R fixaticn scenning or
sampling intervail or standard deviatiosn
in T

]

velocity error variance

Comrand velocity input variance

3%asdard deviation (RMS value) of longitudinal

gust velocity in 7t/sec

Standard deviation {RMS value) cf normal (vertical)

gust velocity in ft/sec

Pilot's time delay, sec, due to laten~ies in

perception, neural conduction, and coding

Effective time deliy iu the crossover mofel,
N[22,
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Value of Yo cozputed rear unit-gain crossover

froo descriting function rmeasivrerents

Effective tize deley for response to motitn vwel

Yelue T, for ze¢ro forcing function bendwidih
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Roll attitude angle

Roll sttitude error

Phese acgle of the 1Y% simusoidal component in
the quasi-rendom command velocity input; also
used Tor probability of fixation in some of the
originsl litersture

Phase margin

Compuied value of the phase margin at unit-gain
crossover from desc~'bing function measurements

Pover spectral density in (units)? per rad/sec

Total coutrol ocutput power syectral density ia
(unis)? per rai/sec

Error power spectral density in (units)® per
red/sec

Portion of Qee whicl is input-correlated
Portion of Qee which iz uncorreiated wiili input
Input powes spectral denzity in (units)® per
rad/sec

Powe, spectral density of aural trackirng remnsnt
in (units)2 per rad/sec

Pemnant  pover spectral density referred ¢ the
operator's input

Normalizco vpower spectral density of processing
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Power spectral density of motion cue remnent in
(units)a per rad/sec

Powver spectral density of residual remnant in
(units)® per red/se-

Power spectral density of processing remnan.

in (units)2 per rad/sec

Power spectral density of scanning or sampling
remnent in (units)e per rad/sec

Rormalized power rvectral density of scanning or
sempling remnant, ans/ﬁi

Circula~ frequency in rad/sec

Unit-gain crossover frequency; crossover gain
Computed value of w, from describing function
measurements

Crossover frequewcy with coninuous foveal
attention

Crossover frequency with co .inucu: prov.lovesl
attention

Forcirg function bandwidtl 'n rsdSsec; alsc
circular frequency ol the 1! alnusoias' wompcrant
in the quasi-random commend w L:icily foput

Undamped natural frequency of a sucend order les
in rad/sec

Undamped natural frequancy of a second sviev loaw
in 1ad/sec

Unstable frequency in rad/sec
Computed value ¢° W,
Cicculer fixstion { soanning) frequency in rad/sec

¥ixation scamning frequency m ohe flight “irector
in cad/sec
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Q Effective parafoveal-to-foveal gain ratio,
Te = 1

Y - T

Mathematical Symbols

< Less than
> Grester than
< Tess than or equal tc

22 > Greater than or equal to
o \_‘:;“ Land
¥ e

oA << Much less then
Eﬁég >> Muck greater than

St

1 CRNE

£ Not equail 1
:1;, = Approaches; epproximately equal to
:ii = Identically equal to
gnq - Fed to; approaches
*E‘_‘;‘:&

Identified with

M
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P
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Vv
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(raised bar) everege value

i
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O
PP

(raised period) a/dt
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NDifferential operator
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Partial differential operator
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j‘ Integration operator
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Summation operator

0 Location of & transfer functlion zerc in the
complex s-plarne

]

X Location of a transfer function pole in the
complex g~plane

+ Addits m oporstor

(hjbhen) subtructlon opcrator; negative value
vretix
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EECTION I
INTRCDUCTION

The ability to describe in & predictive model the various weys in
which & human pilot can function as & coutroller and instrument monitor
will achieve direct end important savings in the design ani evalustion of
displays. Figure T-~1 shows a framework for such & description. The entire
display~-piloteconirol-vehicle combination is consiiered as a multiloop
feedback control system. One or more controlled eler=nts correspond to
the Jdynamizs of vehicle response to control. Jontrc.led elements are sub-
Jected tc environmental ard internal disturbances, d, such as wind gusts
and hydraulic pover supply fluctuetions. A human operator will pilot the
contrclled elements through control actions, ¢, by perceiving seversl
loop closure possibilities. These possibilities muy be both directly-
controlled outputs, m, snd displayed inputs, commands, or implicit environmental
functions, i, such es intruding sirccaft or terrain height along the intended
flight path (pursuit displays); or the possibvilities for display may represent
only differences between i and m called errors (compensatory displays).

The displﬂy/control system for the vehicle is to be synthesized so :s
to improve piloted system performence to a point where a sei (or subset)
of missinn requirements cean be satisfied. In system engineering terms, the
improvement of jerformance implies greater frequency btundwidihs and cor espond-
ingly reduced clouwed-loop system legs and errors in following commsnds and
suppressing disturbances. 1In terms of pilot behavior, the improvement of
performance implies reduced effective time deluy, reduced pi ot-generated
noise; increased alloweble range of pilot-gain variation consistent with
closed~loop system stebility; and reduced workload to & level where hLe is
efficlently and gainfully occupied, yet sble ‘o cope to a prescrived degree
vith the unexpected while he obtains and maintalns the system periurmance
vequired by the tagk,

In previous reports in this series (Refs. | and 2) 11 was shown, in
connection with both fixed wing uud rotery wing alrvers™,, how a displuy/control
systom uight be syntheeiz~d for the zonventioral case of geparated instrumen*s.

In particular, calevlactions wore wmsde of .

PLERREL A !
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© the quantities which, of neceszity, had to be displayed
to enable the specified missiorn phase (instrument approach)
to be performed

® +the pilot's appropriate dynamic behavior in acting on the
displayed quantities

® gystem perfoirmance neasures, such as rms errors and pilot
workload dats including fixation times end frequencies on

each instrument

ARTRREEL
AN
Y BTN et N

&1
4

© the preferred arrangement of displays

Considering the relatively undeveloped state of theoretical kanwledge on
which the calculations were predicated, the dwell fractions and link
prcbebilities resemble later measurements in the case in which there has
veen & direct comparison to be made between the predictions and the results
of experiment. (See, for example, Fig. 3, Ref. 3 which is incorporated
here as Appendix A.)

The prediction of system performance, workload, and preferred display
arrangement for geparsted displays dces not, however, address a contemporary
guestion of practical interest. 'fhere exists a conviction, supported by
both theoretical and exrerimental evidence, that for high precision tracking,
such as in landing approech under instrument flight rules (IFR), it is

fgl neceasary to combine or "integrate" displays. While the conviction is

Wai commonly held; there does not seem to be any commonly understood definition
E;%é of an integrated display, nor any accepted ansver to ilhe question: "How is
E%Eg the display properly integrated?” A brief survey (Ref. 4) shows a tremendous
G§§§ veriety of "integrated" displays even for the single mission phase of instru-

ment low approach. Thisg trewmendous variety is very likely, in part, the result
of a technique in experimental display research. For example, system performance

g
24!

<
i

g,
O.f.s%,{,
M{%mf:é.w;wé’

measures such as mean square iracking errors and pilot workload measures such
28 nesn square coutrol deflections are often used to evaluate the relative
merit of displays. Yet these seme measures do not necessarily vary appreclebly
with large vsriations in the qualities of the display. On the other hang,
there may be at the same time & strong preference on the pexrt of the suJl jects
of an experiment for one form of display uver snother. An aaslogy to the

fizld of aircraft randling quelitier vesearch siruongly suggests that such

chenges in plle! preference or opinion are correlated with changes in bennvior

RS

requirad ©o malntain the cpecified performsnce by working to control in upite

3y

| of seriavionz in difficolty. Qulte appereuily we shovld Llook for gugch changes
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in the pilot's behavior when using varfstions in the information which is
displayed.

Bkt b

Curiously, perhaps, in view of the large amount of experimental work on

sy
:

3
¥
£y
E
G4
.

displays, our ability to postulate perceptual dbehcvioral models far exceeds
our abllity to generate believable experimental evidence which would tend
to validate them. Thles incongruity is for the reeson, described &bove,

thet very of'ten the only measurements which are made concern meen squared
tracking errors and control displacements. Such measurements are, of course,
necessary (but not sufficient) for determining whether a particular system
is, in fact, satisfactory. Mean squared error and controcl measurements

alone leave muchk to be desired in determining the cduses of and corrections
for difficulties; except vy ad hoc adjustments which may in themselves

be influenced by some artificial characteristics of the simuletion.
Therefcre, no improvement in the display design process; nor indeed 1n the
more genersl problem of cockpit layout, is to be expected until we have in
hand a validated theory for cause end eftect in percep-ual behavior in

Eigx . particular, and workload in general.

R
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Such a theory of perceptual behavior, if it exicted, would never
completely replece expeiimentation in displuy design, development and
evaluation but it would enhance the efficacy of these processes by helping

Z
T
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e
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S

s

» 4 onz to:
o)
‘2%% e Predict experimental possibilities which, in turn, help
%{g one to:
P8 (1) suggest relatively critical experiments
Eéé% (2) guide the experimental design
8 ‘F:v(‘
g # ® Interpret experimental findings
P
ngﬁ ® Discover limitations on experimental results by
,:»g;,

-dentifying tesk variables which would chenge the
results
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Provide a basis for extrapolating experimental findings
to dlfferent appricetions
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It was to the elshorstion of such a theory of the effects of format
and cortent on perceptual behavior in using "integrated” displays and to

the acqulzition of a sulteble dats base that the research renorted here
was asddressed.

TR O184.2 b




In particular, it was hoped to:

© Angwer four gquestions posed by the JAHAIR Committee
in 1986 when research on the theory of manuei control
displayz was first initiated, viz.,

1) What ic an integrated display?

2) How may the proper signals for manual cozmtrel
of a task be predicted and verified?

3) How is the display properly integrated?

L) How can the display be evaluuted?

P~ P~

Seperate the controllebility and precision of the task
from the attentional worklcad in using the &isplsy by
using special measures, such a3:

(1) pilot‘s deseribing function gain
(2) effective time delay

(3) error coherence {relative remnant)
(%) excess control capacity

(5) aisplay ratings

(6} eye-point-of-regerd

| il ) <R
R | R TR <
APV | N 2 L B
A 3 e o 1 9
o = >

Quantify measures of attentional workload as functions cof:

;gé (1) aisplay size, subtended field of view, and
. 3 density of symbols

‘b (2) form of the aymbois

& (3) display content (e.g. "quickeued" commend,
5% situation, etc.)

i&bf‘(

, S
PO I C

® (Codify .he empirical results in a theory having predictive
value for new tasks and integrated displey designs.

i

RS
2
T
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e s BBt S

More specifically, we note that in performing precise compensatory
tracking tasks such as, for exemple, in landing approach under instrument
flight ruies (IFR), pilots should be provided with prefersbly only one but

not more than two distinctly separate displays for the purpose of flight
control,

It has been shown by theor-+iral reasoning (Refs. 1 and 5) and

T
TR, %,
é{‘
v L Y

TS
#4749

B experimental measurement (Refu. 6, 7 and 8) that in a landlng approach under
L;it IFR there is sufficient time to fixate on not more than two separate displays
-;E% with sufficient probability or dwell fraction to suitably suppress scaming

remnant. More than one gymbolic signal may, however, be presenteé on each of

two displays to take advantage of pilots' parafoveal perceptuail ability.
Each display may then be called a "combined" or “integrated" display.

<
ot

C aatn

Inte .
grated displsvs have necessarily =volved from the pilot's inner control loop

displays, such es the gyvro horizon and compess, becauge the pilot must mon-

itor a half-dozen or move multiloop situation varlaiblcs evep e majntain

TR 1032
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confidence in using & two-axis Tiight director display. In reality, of
course, especially in V/STOL approaches, tiere are three exes which require
rrecision control, viz , longitudinal, e3 well as vertical end latersl, so
that an integrated displsy for precise approech control under IFR is then
most esseutial to xneintaining e tolerably unsaturated level of pilot worklesd.
Provided that it does not tecomr. "cluttered”, the cozbined presentstion of
sigpais in a single display w!li allow the pilot to increase nhis effective
dw=]ll fraction on sny perticular displayed signal by using purafovesl per-
ception. By helping the nilot to increase his effective dwell fraction,
integrated displays cax have s profound influence in reducing pilots' men-
itoiing workload, and this may possibly be weassured in terms of & reduction

in the tagk-related scanning remnant.

Reference 9 shows that relative scanning remmant power or reletive
incoherent error power is directly proportionzl to the effective fraction
of time between "looks" at the given displayed error. It is desirsble to
keep the tracking error coherence as high as possible (or to xeep the error
incoherence as low as possible) to achieve the best task performance within
the constraint of attentional workload, of which scanning workload is one
measure. One way is to increase the foveal dwell fraction on sach object
of fixatior, but this is limit=d by the physical upper bound on scanning
workload, which cannot exceed unity. The other way for a pilot to increase
tracking error coherence is to increase his average parafoveal tracking
gain up to a level vwhere the closed-loop rewnent is not amplified. This
con be successful if the display format allows the pilot to maintain an
average parafoveal tracking gain which is a large fraction of his foveal
gain.

It was with a view toward e better understanding of interactions among
parafoveal perception, error coherence, display format and attentional

workload that the experiments reported here were conducted.
The balance of the report is divided into three techinical sections.

The first of these reviews the tentative meithematical models and some
nev definitions of terms which provide the framework within which the
experiments were pianneé end yorformed. Bere the reader, perhaps unfemiliar

with the previous results of rcescarch spomscred by the Joint Army Navy

TR 'H 'r) ,‘7)



iireraft Izstruwentstion Secearch (JANAIR) Progrem st Systems Teckzmcligy,
Izo. {SZX}, zay ecquire & kmowledge toth of the state-cf-tle-zrs percepeual

zodels for integrated displeys es well ss the older zodels £or mstor rasgpoose.
e models ere sum=srized in compact esalyticel form for tie resder
¥ao is elrezdy zogueinted with plioct models for sirgle-axis comperssatory

traczing control tesks, The review of zatre—sticel =odels in Secticn IX

iz not interded a5 & substituie for the rcore thorcugh descriptica axd

rakhs

= ; velidetion of tke rodels presented in Ref. 9--14, o valch tke dedicaied
= prectitioner ard interested reeder should refer.

=

An expositicn of the ~orplete array of models reguired for control
%}: displsy snelysis is given ir Ref. 1, and & narretive of the systemstic
,{_ control displey design procedure irnecluding the multiexis scanning models
f‘ié (Ref. 3) ie included herein as Appexdix A- Terms which ere used in the

balance of this report, especially the ones which are used to descrite
the measuremenie which were mede end the results which wure ootained, are

defined in Section II ard in the Glossary of Technicel Terms.

As will be pointed out subsequently, two sets of experiments were per-
formed. The first set of experiments, which is the subject of Section IiI,
were coilcerned with single-tixis tracking with the use of peratoveal vlewing

qﬂ
e

of displays. The second set of experiments, were concerned with the effects

3

o 73

>0»’a; of display content and format in an integrated displsy. The lstter experi-
@:; ments themselves and the results obtained are described in Section IV.

°: A brief final Section summarizes the report and presents the conclusions
;;3 to be drawn from the research results.

D; We have already mentioned the first eppendix which narrates the possibilities
;%; for systematic manusl control displsy design. A second appendix presenta the
§° pre-experimental analyses for the set of experiments which addressed the

;:; effects of display content and format in an integ ted display. A third

6:’;3 appendix presents the derivation of sgome new subjective rating scaies pro-
«;j‘ posed f¢ - use in the experimental evaluation of control displays.
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SECTION II
MATHEMATICAL MODELS AND DEFINITIONS

A. MODELS FOR HUMAN PILOT DYNAMICS

The human attributes of perception, response, judgment, and adeptability
lead to & great number of possible loop structures for a given control task.
To cope with this variety of possibdilities in advance of any experiment, the
theory of manual control displays (Ref. 1) first postulat ‘s possible interpreta-
tions and organizations of the input data available to the pilot. Then the
theory postulates that the pilot will establish appropriate orgenization and
adaptation of his behavior so that the data may be used for effective control.

In preliminary design, manual control display theory can serve as a tool
for the pilot-vehicle system analyst by providing the set of rules for select-
ing the mathematical pilot model appropriate to a particular situation.
However, in the application which concerns us here, the theory is being tested
for its ability to predict and explain attributes of human behavior observed
in controlled experiments. As a result of these tests, we may be able to
extend or improve the characterization of a sample of pilot behavior in terms
of task varisbles, operator-centered variables, and/or procedural varisbles

in these specific experiments.

Manual control theory characterizes human behavior in terms of 1) mathe-
matical models which express the dynamic motor response of the pilot to
various sensory stimuli and 2) verbal-analytical models which express the
adaptation of the pilot population to the task variables. Not all of these
models, however, are based on sufficient experimental data to be definitive.
This do=s not mean that these models lack usefulness. In all cases, the
models are sufficiently developed to permit relative dynamic performance and
workload estimates to be made. In these experiments, we are simply trying
to characterize more definitely the dependence (or independence) of pilot
behavior on properties of display format. Pilot models are described and
reviewed in Refs. 1, 10, 11, 12 and 13. Only a synopsis of the simplest
of models for compensatory slngle-loop control will be given here so as to
introduce the reader to the form of the models and to some of the terminology
used in describing the models.

TR 183%-2 3



In a :losed-loop compensitory control task (Fig. II-1) the pilot responds
to the displayed error, e, Detween a desired command input, 1, and the comparable
vehicle output motion, m, and produces a control action, c. The control
servo actuator, vehicle, motion sensor, and display dynamics are combined
and represented by the "controlled element" transfer function, Y.(s), which
expresses the Laplace transform M(s) in terms of C(s). Compengatory single=
loop pilot models comprise both a describing function*, Ype(dw), and an
additive "remnant" power spectral density, ®nne» 88 shown in Fig. II-1.

The portion of the pilot's control action which is liasearly correlated with
the input is represented by the quasi-linear describing function Ype(Jw)
operating on the error signal, e. It also includes the effects of the
control manipulator "feel" characteristics. The remnant is defined as the
portion of the pilot's control output power which is not linearly correlated
with the system input. As shown in Fig. II-1, the remnant can be repre-
sented by an additive noige, characterized by a power spectral density,
onne, in the quasi-linear pilot model. The total control output power
spectral density, ®cc(®), is thus the sum of two linearly uncorrelated

Quagi-Linear Pilot Model

°nne 18 the power spectral density of the remnant

referred to the operator's input

Figure TI-1, Block Diagram for the Compensatory
Quagi-Linear Pilot Model

*The term describing function is applied to emphasize that this is not
a "human transfer function". The remnant must be added to complete the model,
and the describing function is appropriate only for continuous random-appear-
ing signals of relatively low bandwidth. It is strictly valid only in the

frequency domain and should not be used, without appropriate modification, to
compute the system response to a deterministic input.

TR 1832 9
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powr ypecires dezsities:

Sented = (L J0 + TR ougta) + -
ere €.; = tbe imput pover spectrel dersity
Spr, = the rexxant puwer gpeciral dens!ty referred

{0 tke operstor’s !mpui

Tre rermnant hes been zeasured es a continucus and szooth power spectri
in tresking experizents of e tire duretion sufficient to define the
cperator's dzscridipg function sver a broed trequency band. Sources of
rermant msy not Le uniguely determined usiag only two-terminal reasure-
rents. However, one can infer the dominanit scurces of remnant from coatrived
experiments wivh perticular tesk veriedbles such as coutinuous attention,
gcanned end ssmplel attention, displayed signal thresholds and quantization,
low-fregrency lewd equalizetion, unsteble controlled elements, and aon-
staticnary shelum pilots. Inferred sources of tne remnant in agcerding order
of importance for single-axis tasks are believed to be: pure noise

injection, nonlinear a~tinn, and non-stead erator behavior.
) 2

For examp.es of jure noise injection, Ref. 30 suggests two models for
genereting low fregusney lead equelizatior within the human operator which
inherently produce noise, although the subject may appear to devoie continuous
attenticn to his single-axis Yracking tack. In some multiaxis tasks, as we
shall subgequentiy discuss, pure noise injection caused by scanned and sampled
attention can become dominant.

A model for the remnant can satisfactorily be taken to be a signal with

a power spectral density which is a function of the pilot's lead equalization,
the error verisnce, and the "difficulty"” of the cuntrolled element. Reference
22 hag shown that the power syectral density of the humen operator's remnant
for certain (single-axis) tracking situstions can be represented simply by
injecting white noise processes at the operator‘s'innui whete each state
variahle 1s perceived. The power spectr-). density of each injected whlte '
nolse process is proportional to the varisnce of the (error) signal belng
perceived. As explained in Ref. 33 o number of quasi-random sampling, recon-
struction, and derived-rate processes as .11 as Weber-Law errors in tracking
control. sction all Jead to wide-band remnent whoge power spectral density io

unifcrm at low :r2quencies and propuriional to the variance of the error

1
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s_.gna) displayed to ike Imcen operatcor. Therefore, the =3t consisient
resuits seex to be sbtainad if the rermapt i3 taxen 4o v injecied at the
pilot's inrut {see Fig. II-1), althcugh in special cases diccussed next it
is preferable to injevt the rezment at the pilot's sutput.

If all sources of rermmart power were proportionel to the displeved error
varience, the recnant should diseppeer when nu external input (2pd, hence,
no input-correleted error) is presert. However, the experiments reported %
Ref. 31 show that goze output remmnant is present in the sbsence of any
externel input. The cause is the cumilative effect of the "residual" scurces
decceribed in Ref. 19. Hence, the name "residual remnant" is given co that
noige whrich ig presgent in the human operator’s ccntrci output even without
sry external input and without the need for low-frequency lesd equalization.
I% is preferable to model the residual remnant by injecting a noise process
et the pllot’s output. (Vide Ref. 15,)

The describing fimction comprises two parts:

(1) a generalized mathematical operational form

(2) a set of rules which sp2c’fy how to select the

parameters in the generalized form so that it

becomes an appropriate, albeil approximate,

model of human behavior for the particular

task Of interest.

The linear theory; of servomechanisms suggests that, for reasons expleined

in Ref. 12, the describing function of the pilot ought to be adjusted in such
a way that the open-loop frequency response function, YOL(Jw), of tte gingle~

lcop compensatory system in Fig. II-1 will be

Q
| R =J(r o+ 3
YOL(JUQI = Ype(Jw)Yc(Jm) = —=e ; @ near (y

This is called the “extended crossover mndel" (See Refa. 10, 11, 12 and 13).
The unit-gain croasover frequency, ., is equivalent to the loop gain product

Kbech‘Te is the cffective tine delay, and @ is the effectlve low frequency

phase 2oeffisient, all in the open-loop deseribing functiovn Yp YC {See Fig IT-1).

‘ e
The difference between 180° and the phese angle of the (complex) iescribing

tunction at ine crossover frequency, o, 1s the phase margin, VR The frequency,

Hi 18 A= 1
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@, at which the rhese angle of the describing function is —180% is called
the unsteble frequewnny. When the controlled element demands lead equeliza~
tion by the pilot below the crossover fraquency, @@ = 1/TL,

where TL is the leed egqualization time constant. Ouncsvise, o represents
the iafluence near the ~rcssover frequency of very-low frequency l-ad-lag
dynamics with emplitude racio brzak points which ace below the measurement
bandwidth in many experiments.

The display designer will rarely need a model more precige than the
extended crossover model, even for anelyzing multiloop tesks. With the
extended crossove- model and the set of rules for adjusting its paraneters,
the designer can meke valid forecasts ¢f pilot equalization, effective time
delay, crecssover frequency, stebility marging, tracking performance, and
pilot opinion rating, in menual, compensatory, single-loop tracking tasks.
Before we proceed to show how the extended crossover model can be applied
ip multiloop control tasks, we shall digress for a moment to define some
new lerminology which arises to describe the pilot's visual scanning and
sampling vohavior among the various sources uf displayed inputs required in

a typicel multiuvis control task.

B. MNLTIAXIS SCANNING BEhAVIOR
1+ Scanning Pnenomena to ve Degerived

Several examples of pilots' scenning pheun-mena are shown on the eye-
point-cf-regard time traces in Flg. TI-2 for varicis experimental conditions
to be discusged subsequently. ka~h trace records a pilot's eye saccade
between the central cathode way tube wttitude director displey (CRT) and the
altitude display (left of center), or the alrvapeed display (right of certer).
After a saccade, denoted by the abrupt steps in cach trace, the eye fi.ates
or dwells on the *isplay of concern for a birief interval before the next
caccade. We often speak of the pattern of saccades and fixations as
generating e pattern of ncauning "traffic" or fixation tranaitions among
iagtruments or displays. Tue circled enlargements of portions of the tiaces

show tuat secondary flvation trunsitions also occur between symbols withi~

rl‘ﬁ 3! G .
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the central, integrated CRT and between the altitude and altitude rate
meters left of center. Reference 3 also presents several examples of
prilot's scanning patterns on different panel arvengements. Obvicusly,
however, one mugt sreak of & foveal scanning patiern among "symbols" in
the case of an integrated display, rather than among “instruments" as we
shell do in most of what fcllows.

Furthermore, an observable foveal* scanning pattern may be accompanied
by a parafoveal scanning pattern which is not directly observable by measur-
ing eye movements. However, the presence of parafouveal awareness is indirectly
observable by its infiuence on the pilot's describing function. We shsll
return to discuss this effect subsequently.

Although we shall be speaking primarily about the visual modality, the

pilot can also choose to use or ignore motion and sural cues. While this

. is not quite like sampling, cile more or less continuous use of the vestibular

) :';

.

=
ook
59 3

gg or aural mcdality is akin to a process of selection when thege cues reinforce
f§§ the visual modality.

1%%% Scavuing of an instrument panel permits the displayed information to be
g%% ) sampled foveally during a variable foveal fixation dwell time interval on
1%2% the order of one~half seccal cor more. Between fixations the information

ié% may perhaps be ouserved paraloveally. Each saccade in FPig. 1I-2 describes
%?% the direction of a foveal fixation transition between two instruments, after
% é vhich the visual axis of fixaclon will pause or dwell on ar informative part

of the instrument {(e.g., the tip of a pointer) before beginning the next

fS . 4
« VS
o L

3
<
N

transition. Measurements have shown varisbility in the time interval which

9§%

ifg elapses between succegsive fixstions on the same instrument. This time
yfi interval is called the scan interval or sampling interval. It will, in gen-
A S

o eral, exhibit a different enscmble average value for easch instrw.ent.

Besides instrument to ilnstrument scens, scanning occurs among the

ool

&,

elements of combined dicvlays. For instance, secondary fixation transl-

&N
%o

tions within the two-axis wttitude director un veriovs symbols, indices, and

acales have be. observed, bur not yet wnalyzed, .u the experiments of Ret. 6.
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*Foveal nerception ta “scelig vhere , u are Fixatdog." Colioquislly,
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“seelng withoul rixeiioes.”
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Thus, the eddition of a third exis to & flight director for direct 1lift

¢ mtrol which rejuires o separste foveal fixetion may deprive the pilot

of time waich would otherwize be spent monitoring the situetion information,
unless a three-axis director presentation can be contrived to convey three
comuande irn one fixation thrcugh foveel and psrefovesl chamnels of
SHATENSRS .

The aversge number of fixations in a unit of time which fall uron a
porticuler instrument is called the everege fixetion frequency, scan rate,
or sampiing frequency. The arithmetic average scen rate will be reclpro-
cally related %o the harmonic mean gcan interval.

The proportion of the total numbar of fixations which fail upon a
particular instrument is called the average look fraction for the instru-
ment. Its upper bound is one=half, which implies thet every other fixation

or look is om the instrumeat with a look fraction equal to one-helf.

The proportion cof the totsl time during which fixetions dwell on @
particular instrument is called the average dwell fraction for that insiiu-
ment. Since the cumulative sum of all dwell fractions, including blinks
and dis*ractions, mv- ., equal unity, by definition, the dwell fraclion is

also termed "fractionel scanning workloed" or "probebility of fixation".

The proportion of all fixation transitions which go in the same direction
between & pair of instrumewts is called the "one~way link-value" in the
specified direction. The sum of the two one-way link values between a pair
of iastruments ig called the "two-way" link value.

Since the scanning statistics are quite stationary over measurement
intervals as chort ss 100 sec, differert one-way link values between the
same pair of instruments would be indicative of determinism in scan patierns.
The results in Ref. 6 snow no evidence of determinism in one-way link values.
Thus, it seems that p«lots' scanning behavior can be cheracterized as a
zero~ovder Markovien p.ocess, i.e., that, given a Jixstion on cne instru-
ment, the conditional probability of cransition to & particular different
ingtrument is independent of the present (and psst) fixation. This

simplification proves useiul in making predictiona of scamning bebavio -.

TR 1690 1)



A summary of properties of fuveal and parafoveal scanning behavior,
most of which we have just dlscussed and some of which are not yet
observable, except in contrived experiments, is presented in Table II-1,
Symbols, nomenclature, and some of the interrelationships which follow
by definition are also given in Table II-1, together with a qualitative
indication of ways in which scanning affects the pilot's multiloop
describing function.

2. Describing Function and Remmant Phenomena Accompanying Soanning.

As far as we can tell currently, we have not discovered a unique rela-
tionship between observable foveal scanning statistics and the accompanying
pilot's describing function and remnant. Instead, as we shall describe in
the next topic, two different limiting forms have been discovered for multi-
loop pilot models in control tasks {Refs.1 and 14).

In experiments in Refs. 9 and 14 the foveal input information samples
are obtained from a finite dwell period, with an average minimum dwell
time of sbout O.l sec. The pilot's effective time é¢ .ays in closing
several loops increase only slightly (on the order of 0.05 to 0.15 sec)
because of the necessity for scamning, although the pilot gainsg are
reduced from thoce that would be expected on a single=-loop basis. This
is not what one would obtain with a simple zero-order~-hold sampled-data
system, so the sampling and scanning theory required to describe the
pilot's eye movements has been quite elaborate.

On the other hand, among flight test results from Gemini X during retro-
fire in Ref. 15, the pilot is controlling the attitude of the vehicle about
three axe:.; and the measured yaw axis describing function exhibits the

rather large time delay predicted in Ref. 1 from an intersample "reconstruction-
hold" mod. 1.

With the empiricel facts as starting points, two likely mental processes
have been proposed, called the "switched gain" model (Ref. 14) and the
"reconstruction~hold" model (Ref. 1). For the switched gain vrocess the
quasi-linear describing functions in the several loops incur no time delay
because of the scanning and sampling processes, although the gain switching
(multiplexing) {rom loop to loop reduces the effective gain in each. In the
reconstruction-hold model a sampling delay is incurred, but may be largely

offset by lead equalization as part of the signal reconstruction process.

TR 183-2 16
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The principal performance penalty caused by the scanning, nampling, and
reconstruction (or switching) behavior is an increased "remnant." This
remnant depends on the sampling frequency, fixation dwell time, and sampling
frequency veriations, as well as the signel variance. The remnant acts like
an injected noise, and is the real zause of saluration in multi-instrument
displays. So, as we said at the outset, measur-ment of eye fixation is cer~
tainly connected with pilot inputs and workload but the connection is by no
means simple.

Remnant is so important in both scanning and workload considerations
and has so many different sources that, before presenting analytical models
of data for simplified situations, we shell summarize below the diverse
physical sources of remnant. First off, remnant sources in general are those
items which cont:ibute, under varying circumstances, to pilot control movements
vhich are not linearly correleted (vie the describing function) with the
externally imposed forcing functions. The remnant sources are:

Observation Remnant due to poor coupling between the displayed

gignal and th~ eye. Resolution, retinal refe thresholds,

saturation le.els, and refractory delay are of key rele-
vance to instrument design.

o¥ Scanning Remnant due to scanning and sampling of multiple

s instrument displeys or symbols. To the extent that para-
§$§ foveal information can be used for nonfixated instruments
S in an array or for symbols within a display, the parafoveal
gé dispiay perception is of interest because it can reduce
0! scanning remnant.
Qﬁf Equalization Remnant due %o asynchronous, discrete mental data

processing to derive rate (leal equalization), time and
amplitude variations in gain, and intentional dither.

Except in properly designed flight directors, these are
deminent remnent sources, and can affect the remnant result-
ing from use of a given instrument design (e.g., if low
frequency lead generaticn is required, the instrument must
provide smooth data in the low frequency range)-

¥otion-Cue Remnant due to vestilLular feedback noise.

Crosstalk Remnant due to neuromuscular commands for other sasxes
in a given control action (e.g., some aileron control
showing up in elevator coatrel inputs).

Neuromusculaer Remnan', due to neural and muscular nonlinearit’es
and tension (gein) variations. An import-nt remnsat source
is residual neural noise and tremor whica remnip ~ven when
no command is belny followved.

TR 18- 19




In 8 particuler two-terminal man~-machine measurement it is impossible
to separate out most of these sources of remnant because they dc not have

narrowbend spectral "signatures," and any distirct waveform effects are
blurred by the limited neuromuscular response. Furthermore, the central-
limit-theorem principle, coupled with tie feedback around the lcop, acts
t0 blend the diverse remnant contributions into a fairly wideband sta~
stionary random process. This has the important implication that a simple
nover spectral representation is well suited c¢o represent most remnant

(aither excepted), while attempts to mcdel it with an ensemble of nonlinear,

TR, et —— rm—— — ————

time-varying determinintic elements will never be efficient; however,
"snalog" models may be useful to check out 2omplex aspects of power spectral
models,

-

Rather than attempt a deta'led buildup of remnant contributions from
each of the sources listed above, we will take a more practical

- L T

%ié ; approach. ccent analyses have suggested that the observed remnant

j;g ; in the error signal is fairly smooth, broadband, and can be considered as
é;% f resulting from an injected error-remnant source (ane). In turn, the

'ﬁg, } measured injected error spectra are remarkably similar for a given-crder
3% ‘ controlled element. &np, seems to consist of twe basic components: &

"residuel remnant," &pn,, which exists and orces the system even without

YR

external forcing functions, and a "processing remnant," Onny = ogoﬂhe,
which scales with the displayed error variance. Thus:

®me = Omng * Py = Omng ¥ 0&0rin,

where Qﬂne

displayed error veriance. (See Fig. IT-1.)

1s defined as that part of &y  which can be normalized by the

Scanning remnant is a particular form of processsing remnant., It is
given the symbal dnng to dlstinguish its unique spectral bandwidth, which
depends on the effective fixation dwell interval rsther than the lead
equalization time constant (See Table II.1.)

As it now stands, the theory of multiexis scanning can be used to
estimate fixation probabllities snd instrument-to-instruent link proba-
biiities fairly sccurately As an exsample, Fig. I1-3 shows some predic-

tions made with the reconstruction-held verstion of the theory (Ret. 1 )

G TR 18 5-2 DY
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for a landirg spproach using Eoeing 707 aircraft dynamics, as compared
with measurements (Ref. 6) made using the DC-8 landing spproach simulator
at the Ames Research Center. The resemblance is quite gcod, especially
considering thz infant state of the theory at the tainme.

This coneludes a review of the inspirations for eye movement studies
in flight control and monitoring tesks, a description of scanning phencmena,
and & summary of the reletionship to pilot describing functions and remnant.
In the next topic we shall discuss two limiting forms of multiaxis scanning
models.

3. Multiexls Scaraing Models for Control Tasks
In this subarticle we first review the basic concepts of scanning during

multiloop control tasks and then give an overview of twe limiting forms of

our andel for the scanning, sampling, and perceptual reconstruction process.

a. Review

1) Scanrdng During Multiloop Control Tasks. We are concerned with
the class of pilot/vehicle situations characterized by a closed-

loop piloted multiloop regulation or tracking task, having more
than one displey, and requiring manipulation of one or more con-
trols. The pilot's selection of preferred display feedbacks from
the presented array has beeu found to be governed by a set of
"Multiloop Feedback Selection Rules" which have been evolved pre-
viously end verified experimentslly for integrated displays (!}gg
Refs. 1, 11, among others).

Past work shows that in the process of extracting the feed-
back information from the displays: 1) a fairly stationary
scanning and sampling strategy evolves for a given task and
instrument array, and 2) the control motions are much more
continuous than the discrete sampling would seem to imply from
a pure stimlus~-response sequence. Furthermecre, most of the
informetion used in aircraft meseuvering is of an analog nature,
diasplayed as the motion uf a moving pointer or scale. These
facts indicate tnat a form of sampled data feedback theory isg

aporcpriste 1o model this process. The fects Turther imply that the

ler 1] H i “)



display feedbacks ultimetely selected would be affected not only
by vehicle and task criteria (as with the integrated display
cage), but also by penalties fram the required scanning and
sempling operations. )

Bafore proceeding let us clarify scme terms that nre used
- frequently below:

Scanning is defined here as the process of selecting
and Tixating each instrument in an arrvey of, or specitic
portions of, & complex display field. For the meiual
control tasks a "scanning traffic psiiesn" e evolved,
causing a given instrument to be exanined from time to
time.

Sampling covers the perceptual acts of: focusing cn
& display; interpreting thiz as an appropriate commend
or error signal; snd perceiving its displacement, rate
(or direction), and, possibly, acceleratior during =
sequence of fixatione. In the present context, the
sempling does not have to be impulsive or periodic.

Reconstruction covers the process of exirupcleting a
hypothetical continuous signal usirg the gseries of
samples avallable from each display, plus prrafoveal
(nonfixated) information which may be perceived
between samples, Reconstruction provides the mental
signal -apon which the subsequent piiot equalization
operations are assumed to operate,

s — = e

2) Description of the Model. The development or a display scanning
and sampling model fer multiloop manual control tasks is reported

in Ref. 1. Basically, it treats the complex processes involved
in scanning, selecting, sarpling, and reconstructing internal

]

signals from an acrey of dials as an added "perceptual" functional
‘ bicck in a quasi-linear description of the pilot. Figure II-le ghows
the assumed basic model and Fig, II-Ub its simplified equivalent.

The latter represents the simplest form that can be measured fraom

inputs and ocutputs external to the human operator,

E?; Lat us review the key elements in the basic model before

%;g presenting its two limiting forms. 'The buman display contrcl

%ﬁ% benevior is represented by a series of functionsl blocks, loosely
g@é labeled "Per tual," "Adaptive,” and "Newrcewocular" in Fig. IX-ha.
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b) Equivalert simplified Model (Parallel, continucus)

Figure II-L, Assumed Form of Pilot Models
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The;signals shown connecting the blocks are unmeasuratle practi-
cally (being located in the central nervous system), and, in fact,
the functioné may overlap., It is ;usef‘ul to conslder the percep-
tual block as an' additional serial element, and to define the

. sca.nning and sampling effects as the ratio between behavior under
[ ‘ . continuous, fwll-foveal tracking and the actusl sampled tracking,
in gach of the multiple loops. We will not dvell further on the
adéptivé block (feedback selection, equelization, summing, ete.)
or neummsc{:lar block (marixipulator interfacing and actuation),

n‘? N SEL. SO e b RS TN kR SRR G
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o LR 20 et Lo

2 ey

S
5
S

limitations in consequence:

5 These have been well documented in recent years (e.g., Refs. 1, and
z: l 10 through 13). |
’%’E H , At this time the conceptual model is still quite general, and
wg any of several mathematical or physical models could be used to
;‘é ) : describe the above p’i’ocesses. ‘Because of cur interest in the
;,j } overall, closed-loop performance of display-pilot-vehicle systems,
b | ve need & fom of enalytical model compatible with feedback analy-
>§ f | ' sis. After much investigation (much of it based on the background
}? ! lint‘orma.tion reviewed, previcusly), wé have made the following
i :t} ' ‘ assumptions and choices of mode’. form, and have accepted certain

%

RS-
AN

[

® The basic anaiytical models are extensions of the quasi.

ﬁ ' linear descriptions presently used for nonscsnned multi-
P loop cases (i.e., adjustable, random-input describing
314; ‘ functions, plus a remnant for the incoherent effects).
bl Although the' fine-grain scanning end sampling processes
2.4 are dlfficult to model this way, the resulting pilot

O : output is sufficlently continuous so that describing
»‘;}t' ; functions can £till account for the major clused-loop
L | . ef'fects.

R ‘ © It is assumed that the pilot's learning process has

b } stabilized so that scanning behavior is staticnary (in

the statistical sense). Sempling of a given displey is
assumed to be "almost periodic,” with apprecisble sta-
tistical fluctuations which randomize the data, The
model then treats the average properties of tris scanning
during vypical tssk iotervals, Although sampling effects
% on loop closuras and scanning statistics are well repre-
SHA sented this way, it is not possible to sccount for the

: particular ordar in which th- displays are sceoned,

TR 183D S




e

=

el

NS Ty T L Moo MR i T
Sy LA LR ST e AR ST TR DA VA RO Ry

S ARORET . X A iev-db 2t ckeis Aon S s
R U R R S OO, S Ik SRR - 4 ok CSER IO TN (85 2EE

s
3

£5825,

&
At

h 2%
g

Sk

¥

DI e
s r’;%‘mi%*&i’:

o F 8 IR
ey giw‘m-

oy
Iy
e

LA
&

G b

© The detalled high frequency effects of the scanning,
sampling, and reconstructicn are circulated arcund the
ciosed-loop system, giving rise to a broadband “sempling"
remnent, This is modeled as an injected noise at the
rllot's input (i.e., "observation noise"). The sempling
remnant is a function of the scanning, sempling, and
reconstruction processes, and may strongly affect which
physical loops are closed, the choice of egqualization,
and clesed-loop merformance,

@ The resulting model for scanming, sampling, and recon-
struction comprises:

a) A quasi-linear, rendom-input "perceptusal
deseribing function," denoted as Yy (Jjw)
which multiplies the human opsrator's
continuove describing function, and

b) A brosdband sampling remnent, ng, which
adds to the basic remnent, and is des~
cribed a8 a spectrum Opng of wideband
observation noise injected at the pilot's
perceptual input.

Examples of two limiting forms of these sempling and recon-
struction models will be introduced for compensatory tracking loops.
Either limiting form of the multiaxis scanning modcl is ccapatible
with the existing multiloop pilot model for integrated displays.
For clarity in presentation we shell use the modified crossover
model (Yg¥p¥pYe), to represent the display describing function
(Yq), the perceptual describing fraciion (Yy), the pllot's des-
cribing function (Yp,, Ypy, +++) from Fig. II-#b, and the controlled
element describing function (Y.). We shall ask the reader to
visualize wlthout benefit of repetitious illustration the several
additionel {sometimes coupled) Loops among which the pilot must
scan hig nttention in the relevant modalities.

We shall now iliustrate one of the 1imiting forms of the

muitiaxts scanning model by incorporating a single-~axis model in
each of two (among several) sensory channels: a foveal channel

and a parafovesl chsunel,
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b, A "Switched-Gein" Modei fei Multimxis Scenning. This form of the
model is termad "switched-gain" because it incorporates a quasi-random
finite dwell sampling or switching process between the pilotis foveal gain
and his effective parafoveal gain on each of the geveral displays involved.
Figure IT-5 {liuvstrates the model with a block diagram. The foveal peth is
closed {iuring the Toveal dwell interval, and the parafoveal path is closed
during the foveal interrupt interval. Each of these paths will, in general,
exhibit different gains, equalization and effective time deleys before the
peths are combined in the higher neural centers to send a signal to the

actuation describing function.

The conceptual block diagvam in Fig. IT-5 can be remarksbly simplified
by recalling (Ref. 16) that any quasi-random’y sampled and processed signal
can be modelled by 1) replacing the samplirg or switching process by a
continuous transmission path and 2) adding an uncorrelated wide band noise
process whese power spectral density is proportionesl to the varience of the
(aispleyed) sigral before sampling. Since the quasi-random samplirg process
has & finite foveal dwell interval, the wide band unoise process will exhibit
a low-pess wower spectrum with a first-order break frequency which is Inversely
proportioual to the average foveal dwell interval (Ref. 9). The power
gpectral density of this foveal-parafovesnl switched-gain sampling remnant is
descrived in Table II-2. Measurements of this switched-gain remnant in Ref. §
hgve shown that it so predominates over the other sources of remnant Zhat the
other sources cannot even be identified. This makes for great simplification

of the remnant in the equivaleni switched-gain model shown :n Fig. IT-A.

Represencation of the pilot's describing functien in the switched-gain
model can also be greatly simplified. The foveal gain exceeds the para~
foveal gain in all measurer -uts which have been made (Refs. 9, i and 17).
This is prchably becsuse of the large displacemen% and increased rate thres-
holds in parafoveal perception by comparison with foveal perception. The
switched-gain model is represented simply by multiplying the ratio {(u) of
parafoveal gain io foveal gain by the interrupt fraction (i = n) and sdding
the product to the dwell fraction (n) to obtain the effective dwell fraction,

viz.,
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= perceptusl describing function (Yy =

Norralized Power Spectral Density of Sampling Remnant,
org(1 — Te) units®

[y + (wmde/2)2] rad/sgz

q’nns (o)

Standard Deviation of Scenning Juterval op 2 0.5 Ty
Mean Scanning Interval Tﬁ ,y fec

Effective Dwell Interval ﬁae = “efe , sec

Effective Dwell Fraction 0, =1 + 8(1 - n)

wqpﬂncf = ratlio of crossover gains for continuous perafoveal
relative to continuoua foveal tracking (0 < Q< 1)

- foveal dwell fraction

incremental effective scanning time delsy, normally negligible,
except if Q ~0, 0.05 < At < 0.15 sec

display descvibing function

neea)
pilot's describing function

sontrolled element describing th.ction
Croasover ge.i

effective time delay

wow frequency phase approximation porameter

Slwplifi: 1 Pondvalent "Switched-Guin" Multiexis Scanning
and Tr« -king Model for Coapensatory Tesks

)



TABLE II-2
SAMPLING REMNANT POWER SPECTFAL DERSITY

0 =f@(w)dm
3

Definition of sampling remnant power spectral density:

]

(w) = To(1-Te)(1-8)0° ('unitse)
nn} ARG J red/sec
a1+ (——-"i)

2

is mean sampling interval
fle 18 effective dwell fract:on The/Tg

Ta, 48 effective dwell interval

‘where o 1s mean-squared signal to be sampled
Ti‘s

8 is normalized lower bound on the domain of Tg: To/Tg
(1-6) is approximately O [Ty, the sempling variability ratio
8

On 18 standard deviation in Ts

Assure sampling variability ratio (oTs/'Ts) < 0.5 for skilled pilots.
Effective dvell fraction is related to foveal dwell fraction, Ngs if para-
foverl perception is possible during interrupt fraction, i-'ﬁ'f 5 by the

expression ©
- - - c
Te = Mg + (1-7p) a;p' = Ne + (1 = g0
£
where ‘”cp is crosaover frequéncy with continuwous parafoveal
attention and
me is cressover frequency with continuouvs foveal attention
Q = u)c /wa
We P
Typically, ;f- < %- for K/s controlled elenent wi*h seperated displays
by

(Refer to Ref.18 for complete theory of sampling remnsnt applied to
crosgover model of human operator tracking.)
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e = N+ a(1=n)

vhere Q1 = wbp/wa = ratic of crossover gains for continuous parafoveal

tracking relative to continuous foveal tracking. (o <0< 1)

The effective crossover gain for the equivalent awitched-gain medel in
Fig. I1-6 is Nelcp, Where Ugp is the foveal crossover gein in continuous
single~axig tracking of the same display and controlled element constrained
by the same task variables. The low frequency phase approximation parameter,
@, will, in generel, account for differences between foveal and parafoveal
equalization. There are no apparent phase penelties ascsocieted with switched-
gain scanning as long as parafoveal perception is not completely inhibited.
Inhibition cen occur either by requiring a multitude of different widely
separated Tixetions with a time constraint or by inducing "tunnel vision"
on one or two displays. Even so, measurements reported in Ref. 9, where
parafoveal perception was inhibited by blanking tne parafcoveally viewed
display, show only snell effective time delay increments (Aas) on the
order of 0.05 to 0.15 sec attributable to scenning as the parafoveal-to-

foveal gain ratio (Q) approacined zero.

The switched~-gain model has been quite successful in modeling behrgvior
cn a mein task in laboratory experiments with induced nastural scanning
between a primary tracking task and a secondary suberitical tracking task
(Ref. @), and on foveal and parafoveally viewed displays (Refs. 14 and 17).

c. A "Reconstruction-Hold' odel for Multiexis Scanning. Considar
next an alternate form of the model for the effects of perception in scan-
ning and sampling. The notion of intersample extrapolation or reconstriction
of the displayed signals and their rates of chonge from primarily foveally-
derived samples (still with possibie help from parafoveel visisn) is emphesized

in this model., Scanning and sempling remsins & quesi-random finite-dwell
process with the additional hypothesis Lhat somevhere in the mental proces-
sing of perceived signals during the foveal interrupt fraction there is an
intersample extrspolation process acting on retained foveal samples. The

extrapolation process serves to attenuate the scinning remnant at the expense

of a small incremental time de’ay.
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One unique festure of the "reconstruction-hold" model is that it can
account for much larger effective time delays thar can the “switched-gain"
iwdel. These deleys, still compatible with scanning behavior, erise in
connection with extrapolatic of samples of displayed error. The "recon-
struction-hold" model incorporas*es first-order extrapolation based on
veighted digplayed error rate which may largely offset the effective
incremental time delay accompanying & zero-order-hold. The effective
incremental gcanning time delay for the zero-order-hold is equal to
(i%—ih)/e, or one~half the average foveal interrupt interval on the
particular display of concern. In counirast, the effective incremental
scanning time delay for the first-order extrapolation process with a
partisl rate-weighting coefficient, R, (0 <R < 1) is equal to
(1 — R){Tg — T3)/2, vhich can be msde very smell as R ==~ 1. Since R
cannot be measured directly, there iz only inferential evidence that the
pilot mey increase his foveal dwell interval above 0.4 sec in some direct
P~ ~ortion vo the desired partiasl rate-weighting coefficient for recon-

struction between fovesl fixations (Refs. 1 and 9).

Another unique feature of the "reconstruction-hold" model for multiloop
scanning is that it can explain a greatly reduced sampling remnant level
below the one appropriate for the "switched-gain" model. This fact is
portrayed graphically for a single sinusoidal component in Fig. II-7
(from Kef. 9). This shows the relative remnant contributions by the
shaded differences betwcen the original and reconstructed sinusoids. In
the case of purely finite dwell sampling shown in pert ¢ of Fig. II-T,
there is no intersample reccustruction, no incremental scanning time delsy,
and the remnant is the largest sg we would expect. The gain 1s low as is
evidenced by the small amplitude of the describing function approximation
ginusoid. With the zero-order-hold (psrt dL remnant, is reduced, en in.re-
mental time delay, ATy, is Incurred; and gain is increased. Remnent ic
further reduced and gzain is further increaseéd by a first-order-hold, and
the incremental time delay is reduced (part e¢). The remnant here ic called
vrocessing noise. The obgserved half-puwer frequency of the normalized
procegsing noise referred to tha operator's input will be inversely propor-

tional to the ratio of rate-to-displacement gain in the lirst-order
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extrepolator. The rate-to-displacement gsin ratio is the human operator's
lead equalization time constant, TL' The power gpectral density of

processing noise can be represented as shown in Teble II-3,

Table II-3

PRCCESSING NOISE POWER SPECTRAL DENSITY

0

@ = [ o(w) dw

©

Definition of processing remnant power spectral density for single-~axis
compensatory tracking:

( opg(1-ne) (og 4 ch) (units)?

0 w = -

e n (1 + T%??) red/sez

where Orp is the square roct of the operator's sampling

interval variance. It is about 0.1 sec

Ne 1s the human operator's effective dwell fraction
on the order of 0.1 or 0.2 in single-loop tracking
tesks

are the variances of the (displayed error) dis-
and placement and its first derivative to which the
gg humsn operator is responding

T 1s the lead equalization time constant in sec
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A limiting form of the "reconstruction-hold" model for multiloop
scanning is shown in Fig. II-8 for the case without a parafoveal input.
In Fig. II-8, the quasi-random finite-dwell foveal sampling process is
replaced by its continuous equivalent plus additive sampling and/or
processing noise whose power spectrel density scales with displayed error
varlance. A simplified equivelent modified crossover model is shown in
the accompanying Fig. II-9. 1In both figures an additional “residusl”
remnant is also shown, Thac sempling-arnd-reconstruction describing func-
tion (Yh) precedes the pilot's equelization-and-actuation describing
function (Yp) in Fig. 1I-9, Yh consists merely of an attentuation factor,

Kp and an effective incremental sampling-and-reconstruction time delay Atg:

e-jd)Aas

v\\Sa.mplinguzamd--
Reconstrucsion Signal Attenuation Reconstruction Delay
Displayed Signal

The values of Ky and ATy depend on the average scanning intervsl, 5;, the
foveal dwell fraction, %, the rate-weighting couefficient, R, and the type
of intersample reconstruction weighting function.

The "reconstruction-hold" model was used in early 1967 to make the pre-
dictions (shown in Fig. II-3) of scanning behavior for a precision instrument
approach in & jet transport (Ref. 1). Although some evidence for this model
is offered in Refs. 15 and 35, this model remains to be more fully validaved,

This concludes the discussion of the two limiting forms of a multiaxis
scanning model for the trecking «ontrol-display tasks.

C. DISFILAY LEFINITIONS

In sddition to the background in the mathemstical models which has been
pregsented in the previous subgections, it is necessary for an understanding
of the subsequent sections for us to offer some new definitions. Thus, we
vish to define the elements of a display, the display content, and the display
format.
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The elements of a display (not all of which are necessarily presented)

comprise:

Ferl ol )

ATNCATE
A DAl

LR
T TR S
LA g b T el
L 3 AL

S

6 forcing functions or commend-input signals, i

% controlled element state variablez or output
motion signals, m

5,
e Bl

® error signals, e = (i — m)

@ references or background |

The display content represents the gpecific elements which are present
and which are either required for guildance and control of & task or are

required for monitoring task performance.

The display format is the symbolic code by which each member of the content
can be identified. It can be characterized by describing the display in '
such terms as separate or integrated, symboli: or pictorial, quickened or
"deadensd", as a flight director and so forth. It can also be characterized
by describing the nuwber, size, type, color, contrast & 4 separation of the

symbols.
It was with the primary intent of investigating the most prominent
' effects of display format in integrated displays that the experihents

described in the next two SBections were performed.
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! SECTION IIT
THE STNGELE-AXTS EXPERTMENT

A. PURPOSE OF THE SINGLE-AXTS EXPERIMENT

The purpose of this set of "pilot experiments" wis to establish
baseline describiﬁg functions and levels of remnant snd intern . atten-
tional. workload under foveal and parafovesl viewing conditinng for
each of four different practical tracking display formats appearing
individuelly in & single-display single-axis cockpil. scenario. A plan

of the experimental design is presented in Table III-1.
i

Four display formats were used in the first set of vertical speed
tracking experipeuts. yThe four formets were 1) a thin moving luminous
line with a fixed scale on a cathode-ray tube (CRT), 2) continuous
moving vertical bar with a fixed scale on the CRT, 3) quantized verticslly
moving tar with fixed scale on the CRT, 4) moving pointer, rotary disl
flight instrument. In presernting results here, we shall abbreviate ref-
erence to each format as Line (L), Bar (B), Quantized (Q), and Dial (D),
rcepectlvely. The four formats are illustrated in Fig. IiI-1. The
display formats were selected from the survey in Ref. U4 to include stereo-
types from past, present and proposed examples of instiruments and integrated
dispiays.

The iufluence qf display quantization was inrestigated with the RMS
error comparasble to the displayed quantum. The influence of parafovesal
viewirvg anglé was investigated with all four formats. Two parafoveal
viewing angles, 10 and 20 deg, were employed during the training sessions
with the two pilot subjects. Eye-point-of-regard messurements were taken
to ingure that the subjeéts maintalinad parafoveal viewing angles of 10 deg
and 20 deg. These two angles were representat . ve of conditicons under which
a pllot might view an integrated display formst.

The controlled element, K/s(s - 2) was selected for the extensive
investigations of format because its baseline attentlonael workload is
reacongbly high; heace, either wncresses or decireassegghould be mesaurable

wvithout ~xtrewe overlosding or urderloading v the experiments, ond
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TABLE III-}

EXPERTMENTAL DESIGN FOR SINGLE-AXTS DISPLAY FbRMNI EXPERTMENTS

Yiewing Angle
Parafoveal
Independent Variables 0° Foveal 10° 20°
S CRT Line J { {
LINE (Standard)
" " Vertical ‘J ‘J ) 14
3AR Bar
" " Rotary J J J
DIAL Dial-Pointer
, . Quantized
" QUANT (14<Bars)
with displayed quantum on J J 4
the order of RM3 displayed
error. .

In Each Tested Cell!

2 Repli-ations
2 Pilot Subjects

TRACKING TASK SCENARIO - vide Fig. ITI-2(p. 15)

MEASUREMENTS :

Pilot Describing Functlons (e.g., gain, effective time

delay, equal.ization)

Serial Segment Rermant Power Spectra

Error Coherence and Signal/Noige Ratio in Error

Error and Error Rate Variance

Mean Error

SPECIAL MEASUREMENT APPARATUS:

Describing Function Analyzer (STI/NASA Mark II)
Eye-Point-of-Regard Instrumentation (STI/NASA Mark I)

TR 183-2
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because it induces pilot lead qualization at 2 red/sec, which 1is well
within the spectrum of remnant power measurement.

Since the first set of experiments was Planned and executed jointly
with an experimental investigation for the U. S. Air Force Aerogpace
Medicel Resesarch Leboratory (AMRL) of the effect of single display format
on the character of single-axis tracking remnant, the reader interested
in the full details of the experimental design may refer to Ref. 19. We

shall summarize here only those results which have a bearing upon a theory
for integrated display format.

B. SCERARIO

A single-axis tracking task was both necessary and desirable in order
to keep the experiment simple and economical, but we wanted to create an
aircraft plloting scenario having more face validity than the usual
laboratory tracking task in an arm chair. To achieve some degree of
validity, we employed actual experienced pilots as subjects in a fixed-
base aircraft cockpit with a center stick for pitch-axis tracking.

C. SIMULATION

The epparatus included:

1. A modified fighter ailrcraft cockpit, with center stick
and instrument panel.

2. An analog computer to provide the controlled element

dyramics, display signal processing, and some perform-
ance measurement capability.

3. A Describing Function Analyzer that provided the input
disturbance to the simulation while simultaneously pro=

cessing data from which dynamic response and remnant
measurements were obtained.

4, The Eye-Point-Of-Regard measurement apparatus.
These are described in more detail below.

1. Cockpit
The STI fixed-bagse fighter cockpit facility was used. It included
the atandard seat and center stick and a special-purpose instrument panel,

described later. The stick had negligible friction and viscouws damping,
and a force gradient of approximately 15 Newtons/em (8.6 1b/in.). The

TR 183-2 o

o ) A > o b 1, A 0 P8 e S b i b e e



instrument panel was approximately 57 cm (23 in.) from the pilot's eye,

g0 that 1 cm of display travel on the panel equallcd 1 deg of visual arc.
The stick grip center position was 17 cm aft of the instrument panel plane
and 25 cm below the pilot's horizoancal line of sight.

2. Displays and Viewing Conditions

Two basic djsplay devices were used: (a) a low persistence 5 in.
CRT, and (b) a rotary dial meter. The CRT was used to present the three
vertical movement display formats shown in Fig. III-1. These included:

a. A thin horizontal LINE, 10 cm in length &« O.1 cm thick.
There were no dynamic lags in this displa. .

b. A VERTICAL BAR format 0.5 cm in width extending from
the bottom edge of the CRT as shown in Fig. III-ib. The
height of the bar relative to the CRT reference line
represented the tracking error.

c. A QUANTIZED format consisting of a luminous horizontal
bar 1.5 cm long and 0.25 cm thick that moved in 0.25 cm
vertical steps. Fourteen segments (seven above and below
null) were availsble but were seldom used. The quantiza-
tion logic for this display was mechanized using comparators
with millisecond switching times.

To eliminate subjective brightness of the various formats as a con-
founding experimental varliable, each pilot was asked to adjust the CRT
brightness control such that a particular CRT format gave the same "apparent
brightness" as the adjacent rotary dial's mechanical pcinter.

The CRT display/stick relationship was such that moving the stick
forward caused the CRT mark to move up. This relationship is consistent
with aircraft gunnery tracking and with conventional artifical horizon
instruments ("inside out" view).

The rotary DIAL meter shown in Fig. III-1d was an aircraft instrument
quality voltmeter (galvanometric movement drive). The pointer was 3 cm
in length and 0.25 cm thick. The basic response of the meter was second-
order with a natural frequency of 1 Hz and a damping ratio of 0.35. This
regsponse was too sluggish for the purposes of this experiment, so the
meter was compensated to provide a flat response over the input bandwidth.
For small angles, the meter sensitivity was scaled to give arc length

TR 183~2 43
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deflections at the needle point equal to vertical deflections on the CRT
for corresponding error signals.

3. Controlled Element Dynamics and Input

The controlled element dynamics, K/s(~ + 2) were sclected as being
intermediate in leed equalization required of the pilot (TL = 0.5 to 1.0 gec).
The dynamics were mechanized on an EAI 231R computer.

The input was a sum of five randomly phased sine waves with amplitudes
inversely proportional to frequency. To produce roughly equal RMS displayed
signals, the input RMS amplitude was set at 0.75 cm. This resulted in RMS
errors on the order of 0.3-0.5 cm. The input frequencies were approximately
equally spaced logarithmically and span the frequency range important for
human operator dynamic response measurements (i.e., 0.5-10 rad/sec). The
sine waves were genersted by the Describing Function Analyzer. The input
spectral shaping and frequency spread was designed to give display
motions subjectively equivalent to gust disturbances in an airplane, to
allow accurate measurement of pilot dynamic response and remnant behavior,
and to avold excessively high displayed signal peaks during adverse display
viewing conditions.

L. The Describing Function Analyzer

An electromechanical Fourier analyzer, STI/NASA Mk II Describing
Function Analyzer (DFA), was used to obtain dynamic response measurements.
A thorough description of the measurement technique and functional mech-
anization is given in Ref. 20. Basically, the analyzer generates a sum-of-
sinusoids input which is provided to the tracking loop as shown in Fig. III-2,
and computes the Fourier transform of the system error signal at each of the

input sine wave frequencies, referred to each component sinusoid.

5. Eye~Point-of-Regard (EPR)

The EPR equipment consisted of three units: 1) spectacle frame-mounted
transducers and associated electronica for measuring eye angle with resgpect

to the ihead; 2) a goniometer gripped in the mouth for measuring head angles
with respect to the display panel; 3) a special purpose analog computer for
combining the head and eye angles to give voltage signals proportional to

™ 10832 bl
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the eye-point-of-regard on the display panel. This system is more fully

described in Ref. 21,

D, MSASUREMERTS

The feshion irn which the performence meesures end describing function

parazeters were obtteined is iliustreted in Fig. III-2. The des~ribirg
functicn anelyzer generates a sum of sine weves which is the ipput to the
tracking locp. Fror the loop tracking error signel, it :omputes the
Pourier coefficients at each frequency present in the input. The corres-
vording irput-referenced Fourier transform of the input is known g priori,
go that the error-to-input transform retio or dascribing function,

E( jo)/I( o), can be computed. Given this describing function, it is =
simple matter to compute the open-loop and closed-loop descriping functions

using the vector reletionships:

gg J,’gg) - [ﬁ(g_%] - 1 (open-loop D)

Q« 3 a =

2 MR DT U B
MR R n

< ! N g

% M%Jm! + - B\ Jju

3 = 1 - closed-~loop DF
o I( jw) I{ jw ( p DF)
&%

el
R

Since the controlled element, Yc(jw), is knowr (and calibreted), the pilot

PR
NN

describing function cen be computed as well:

Yo( o) = %‘%ﬁ-} Y gw)

% A time shared compater system (Tymshare) was used to reduce the analyzer

3 % data. In addition to des~ribing function and performance measure calcula-

"
4

e 41

8.4

l'\lilﬂ‘

K tions, the program also included .nterpolaticn and curve fitting routines
to interpolate (between adjacent frequency poiants) the extended crossover

modzl properties s *h as open-loop gain and phase crosgover frequencies

B

(weqs Wy,), Phase margin (®rm,), and equivelent operator time delay (Ten)
See Ref. 19, Appendix B, for the mathematical details. The other important
parameter, ithe parafoveal to foveal gain ratio, Q, was computed from the

describing functioa parameters as descerived egbove in Section IT.

O EL N T
<
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In addition to E( jo) the DFA computes th. integral squared value of

':;i‘)o N
%ﬁy;’ system ecror and ihe mean valve of errcr. Trese data were used to calculate
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the varience of error, o% = e¢ — (e)°, Most relevant to tracking iestis
is tbe normaiized tracking erxzor, og/af. Brror rate varience was also

zeasured. The NFA further yielded data giving the input-coherent error
warience, Ue%: and this permitted computetion of the important remnant

error power, ﬂc% =

2

e

- “e%' A final measure of overall error performance

was the error coherence, p%, vhich is the ratic of input-conerent error

variance to totel error variance.

nere are:

Error coherence:

Relative remnant power Iraction in error:

Signal/noise ratio in error signal:

E. BUBJECTS

9% = °e§/°%

The various relationships of interest

f
{

Two piiots weie selacted to participate in this study. Both pilots

had extengive flight experience.

A resume »f tleir experience is given in

Table III-2.
TABLE III=-?
PIIOT BACKGROURD
Pilot 1 (RH) © Pilot 2 {DH) (]
Aeronautical Airline transport pilot Military transport pilct
Ratings Flight instructor
Total F.ight 3150 2130
Hours
Hours By Student, 150 Student, 260
Duty ®irat Pilot, 1000 Copilot, 570
Instructor, 2000 First Pilot, 1260
Instractor, 90
Hours By 2650 Single Engine; 550 High Perf. Jet;
Aircraft 500 Mulii-Bngine (A1l 920 Piston Engine Trans -
| Light Alrcraft) port, /i Misc.
Ingtrumen: 200 275
Hours L
S st Ao - -
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F. IgPORTANT RESULTS OF THE SINGLE-AXIS EXPERIMENTS WITH DIFFERENT DISPLAY
FORMATS

The principal reduced experimental results are summarized concisely in
Figg. TIII-3, % and 5. Each graph presents foveal regults on the left side
and parafoveal results in the center and on the right side. Euch figure
includus results for the Line, Bar, Dial and Quant(ized) format in that order
from left to right. The results for each pilot's tracking run are coded
symbolically in the legend on each figure. Replications are tagged. The
20 deg parafoveal results are training data.

In Fig. ITI-3 both pilot-subjects in these single-axis experiments
exhibited an incremental effective time delay with the Quantized format
on the order of 1,10 sec more than that delay (about 1/4 gec) with the other
formats under foveal viewing conditions. Since quantization alone will not
produce the increase in delay, whereas internal reconstruction or extra-
polation and smoothing among quanta to derive rates of change can produce
the cbgerved increase in delay, the effect would seem to be perceptual.
Thig result is relevant for raster-gscanned displays.

Smaller average increages in effective time delay on the order of 1/20
gec regulted for the Line, odr and Dial formats between foveal and para-
foveal viewing. This small time delay increment is consistent with values
obgerved while tracking with the Line format in previous experiments. It
may be "explained" by association with the differential differcnce extra-
polation model for higher frequency lead generation (Ref. 22). One pilot
subJjcct exhibited a further increment in time delay of between 0.'5 and
0.20 pec under 20° parafoveal viewing conditions.

The results under parafoveal viewing conditions are particularly
relevont to a theory of integrated display format. Thoae formats which
induce marked changes in behavioral properties, cocherence, or errcr scores
“between foveal and parafoveal viewing conditions would meom to be inferior

candidntes for an integrated display application with reapect o those
formats which induce few and/or lesser changes.

Thrae ningle-axis bageline results offer no clear distinction in measures
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of behavior, coherence, or error scores between foveal and perafoveal track-
ing with the Lire and Dial formats. With both Line and Dial formets,
however, measures of behavior, coherence and exror scores deteriorated
relutively more at 20 deg than at a 10 deg parafoveal’viewiﬁg angle. For
example, a display designer might be impelled to increase the field of view
of an integrated displey format to improve the pilot'sd basis for monitoring
the situation. Alterratively, tne designer might want {0 increase the |
displayed field of view to reduce foveal clutter among symbols in a dense
format, if the content must be preserved and the field of view scaling does
nct otherwise have to be in the ratio 1:1 with the real world. However, the
results of the single-axis experiment imply that incressing the field of |
view of an integrated display format greater then about 10 deg will produce
diminishing returns through the relatively greater deteriorationlof para-
foveal tracking ability.

The only format for which the single-axis baseline results offer éonsiétent
evidence of infevior suitability is the Bar. This is exemplified bty a rather
large reduction in average parafoveal gain at 10 deg in Fig. III-4 and by
consistent increases in relative and absolute remnant power and totai errof
variance. The results for relative remnant and error coherence are shown
in Fig. II1-5. The Bar format was found to be unusable for tracking at a
20 deg parafoveal viewing angle. It should be emphasized that these prélimin-
ary results suggest inferiority of the Bar format under parafoveal viewing

conditions only in a closed-loop tracking context.

Quelitative analysis of these single-axis experiments and several pagt
experiments shows that many of the perafoveal viewing effects (e.g., relatively
greater higher frequency gain, relatively less low frequency phase lag,
increased normalized injected remnant power, etc. could be "evrl.ined" by an
increase in the displacement perception threshold relative to the rate
perception threshold under parafoveel viewing conditions. A model of this

effect, however, remains to be velidated.
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' SECTION IV

AN EXPLORATORY MULATAXIS INTEGRATED
DISPLAY EXPERIMERT

!
1 !

j
A. PURPOSE 'OF THE WULTIAXIS EXPERIMENTS WITH DIFFERENT DIYSPLAY FORMATS

'As indicateé in Appendix A, the arrangement of iﬂformation displayed to
a pilot cen have majgr effgctu on the pilot-vehicle system performance (in
, terms of dynamic response and injected noise} and on pilot workload, in
' terms 'of the pilot's excess available cépacity for handling other tagks such

)

; as emergency situations as well as the psychologicsl stréess level assoclated
?‘% ! with the task. %The preliminary:experiment AIscussed here is an attempt to
;§ ; develdp and test a variety of quantitative techniques for messuring the
f;g j ' above effects in conjunction with integrated display formats. In addition,
%% ! we hoped to aquant!fy some of the characteristics of display integration to
?g' . guide future displuy research, development and design. We wished to quantify
E;% a definition for an "integrated"' display in terms of measurable (and pre-

e;; dictseble) properties of format and content, which sre rélated to the pilot's

workloed in a reslistic cockpit ecensrio, Teble IV-1 outlines the experimental
design. The plen and procedure for the multiaxis experiment will be presented

7
o 4 .
L KXy e

55
2 B Pt
© e e e oy < e

o next. This is followed by & dizcussgion of the results which were obteined.
sl B, ucwmro
EE- 3

#% In thig experiment, we attemptcd “o set up as simple a sumulaetion ms pos«
fﬁ sible and yet achleve an operational reievance that wounld be metiveting to

w%

pilots and which would provide results that could be extrapolated to more
complex simulations and operational situations. A helicopter formation

i
AR

%m‘ i flying task ﬁas chosen that required both cyclic and collective control.

52‘ ‘ Tﬁe pilof's primary task wes to contrcl the longitudinal displacement errors

é % § of his ship from & commonded positi~n behind a meouevering lead eircraft.

F;£< g It was in this task that the different displey formets described below were
A evaluated.

7

V"- f The laterai cyclic and collective control tagsks were somevwhat abatract

Q%; i in that they were uncoupled from each other and the primary task (so as to sim-
%gi ! plify the measurement of desciibing functions). The vehicle response to

Efg control ioputs, however, waa Judged to be realisti.., The latersl task wos

)

3
2
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R

%% to maintain a level roll attitude with slightly unsteble rcll response, and
4

-g the collective task wags to maintain e command eltituce, again with slightly
(0.

% divergent dynamics.

¢ The lateral ard collective control tasks were used to represeat the

i@ comb:ined workload a pilot might encounter in an operational situation when
) ,

g? combined with the longitudinal task. Trz lateral cyclic and collective

; control tasks might be viewed in the terms of experimental psychology as

o

classical subsidiary or secondary tasks. See Knowles (Ref. 23). Then the
worklcad demsnd is a direct function of the level of instability of the dynamics

s G

4 (Ref. 24) This technique hss been used very successfully in the past (Refs. 9, 25).
;% It is relevant tc vehicle control simulations which malnly involve coutlnuous
“5; control tasks.

%3 C. SIMULATION

;% The simulation consisted of s cockpit witl display penel and ccntrol to-
gg gether with an analog computer which was used to mechanize the control task
fg dynamics. Additional measurement equipment included a Describing Function

3 Analyzer (FA) which was used for dynamic response measurements, and an

%ﬁ Eye-Point-of-Regard (EPR) system for measuring the pilot's eye movements.

?ﬁ:

2 1. Control Tasks snd Dynemics

W

a. Primary Tesk. The pilot-subjects' primary task was to cormtiol longi-

e sayedr

tudinal position deviations of his alrcraft from a commanded position behind
a manvevering lead aircraft. A compensatory display was used so that the
pilot was aware only of his deviation from the commanded position. Th2 simu-
lated formetion was moving at an average forward speed of 60 knots, which

set the flight condition for the longitudinal control dynamics, but random
conmanded speed variations occurred in the control loop because of the pre-

sumed manuevering of the lead aircrafi.

S A pn, nnein o e mAa

A block diagram of the above described task is shown ia Fig. IV-1. The
Describing Function Anelyzer (DFA)# was used to y.nerste the commanded velocity (uc)

o e a e - e

*An Ele. tromechanical Fourier Analyzer developed for the NASA-Ames Researth
Center. The measurement theory upcen vhich this device is baged is given in
Ref. 0.
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input to the control loop, as well as to analyze the resulting veloclty error
(ue) 80 a3 to give measures of system stability and bandwidth.

The command velocity input was a sum of sinusoids as described in
Table IV~ 2. The ilaput appeared random to the pilot and allowed dynamic
response measurements to be made at each of the input frequencies which
spanned the range from 0.2 to 6.3 rad/sec.

The pilot was displayed information on pitch attitude and combinations
of pésition and velocity error (xe, “e) ag explained belbw in connection
with the description of the actual display formats which were employed in
the experiments.

The pilot controlled longitudinal vehicle motions by commanding pitch
attitude changes with fore-aft motions of & center-mounted cyclic stick.
The displacement and force gradients are described in Figure IV-2.
The longitudinal control dynamics were mechanized as a linear, two degree
of freedom set of motion equations given in Table IV-3%. Stability deriva-
tives which were used corresponded to the dynamics of the CH-53 single rotor
helicopter as analyzed in Ref. 2, The basic vehicle dynamics are unstable,
and a simulated automatic flight control system (AFCS) was provided to
stabilize vehicle attitude.

The AFCS was employed in two different modes so as to give the two sets
of dynemics shown in Fig. IV-3. In the first case, velocity feedback was
employed in addition to pitch attitude. In the frequency range belov ! rad/sec,
pitch attitude response was approximately the derivative of the stick input,
and longitudinal position response was approximately the integral of stick
inputs. These dynamics amount to the rate dynamics used in classical tracking
research {(Ref. 26). Appropriate pilot behavior in this case (as shown in
Ref. 10) is to maske control defections proportional to displayed position
errors (xe). Some iead equalization might be helpful for these dynamlcs in
the neighborhood of one rad/sec but no 1low frequency lead is required within
the practical closed-loop bandwidth of the system (less than 1 rad/sec).

The second AFCS mode included pitch rate along with pitch attitude feedback.
This is equivalent to the CH-53 operational configuration. This system gives
a pitch response comparable to a first order lag (low pass filter) with a break
frequency at sbout 2 rad/sec. It amounts to a "pitch command" system where
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pitch attitude is proportional to stick deflection. The resulting position
response to stick inputs is equivalent to acceleration dynamics used in
classical tracking research (Ref.26). They require the pilot to make stick
deflections proportional to the derivative or rate of change of the displayed
position error (xe).(Vide Ref. 10,) In this case it was very helpful to
provide displayed lead equalization such as with a flight director, or to
display velocity exror (u,) explicitly.

b. Secoudary Tasks. The pilot was required to maintain a level roll
attitude and a commanded altitude with the dynamics shown in Fig. IV- L as
secondary tasks. The roll dynamics included & roll time constant TR of 0.2
sec and a small spiral divergence or instability. The collective control
wvas used to maintain a commanded altitude through dynamics which included a
flight path response time constant of 1.4 sec and a slow divergence. Both
altitude error (from the commanded altitude) and rate of climb were displayed
to the pilot on vertical meter movements placed side by side.

Pilot induced noise or remnant was sufficient to excite the unstable
dynamics, so disturbance inputs were not required for the secondary tasks.
The level of instability was used to control the attentional demand or workload
on the pilot. As shown in Fig. IV =3 two levels of instability were selected
vhich respectively corresponded to low and high workload demands on the basis
of the pilot's subjective opinions. Previous research (Refg. 2% 27, and 28)
hes shown that high workload demands on the pilot teud to accentuate observeble
effects of differences in primary task variables. This was also found to be
the case in the present research and the phenomenon was used very effectively
in evaluating different display formats.

c. Cross adaptive Workload Task. A scheme employed by McDonnell (Ref.2%)
was used here to quantify the workload demands of various display formats.
This technique involved a variation of the above described tasks where the
pilot was only controlling the longitudinal axis and stabilizing roll attitude.
The variation was such that the divergence time constant of the rnll axis
dynamics was adaptively adjusted as a function of primary task performance.
The adaptive adjustment scheme is shown in Flg. IV -5.

The ﬁerformance measure was the absolute value of the sum of position and

velocity errors (xe, Ue). When this messure exceeds the error criterion, the
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r0ll task divergence decreases, and when the performance is below the criterion
value the divergence increases. The error criterion was adjusted to be
nominally 25$ above the performance achieved during & preceeding period of
steady state tracking. (The same DFA input was used in both cases.)

The amount by which the roll divergence parameter, k@, increases over
the steady state trial is directly related to the increased workload which
the pilot can tolerate on the side task for a 25% increaze in error on the
primary task. Presumably this increased workload will vary according to the
experimental condition in the main task, such as, for example, the display
format. Thus, the adapted k¢ will give a quantitative measure of the allow-
able exces:s workload a pilot can tolerate for a given display format. The
optimum displsy format is the one which yields the most excess capacity.

2. Displays

The configuration of the cockpit display panel is shown in Fig. IV -5.
The viewing distance to the panel was approximately 31 in. The CRT presented
an artificial horizon for pitch and roll attitude information as well as the
longitudinal display formats described below. The collective control (altitude
hold) task utilized the two vertical edge meters mounted to the left of the
CRT. The altimeter and alrspeed indicator were provided for status information,
but they did not provide useful control information because of their relatively
insensitive scaling.

The primary task display formats presented on the CRT are shown in Fig. V- 6.
The state format gave longitudinal position error only. Velocity error infor-
mation was added in the state + rate format so ass to aid in the rate or lead
- equilization required of the pilot in the primary task. As noted'in Fig. -6
the u, scaling was proportioned to the lead required. Finally, the flight direc-
tor configuration gave a stick command signal which the pilot could track with
stick deflections proportional to display deflections. The flight director
equation took into account the equalization ‘equired for the longitudinal

dynamics. Figure IV-6 gives the display gains which were used including
the various flight director equations tested.

D. MEASUREMENTS AND PROCEDURES

A variety of meusurements were performed both to investigate various
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DISPLAY SCALING

he = Altitude Error <
133 f1/in. J

h = Vertical Speed
667 t/min/in.

1.2 i—— v cI:aT d i
Collective | Airspeed
Tosk
; Indicator

E

Altimeter

State
(S)

xg * Longitudinal
Position Error

CATHODE RAY
DISPLAY

State + Rate

(S+R)

Artificial Horizon for
Pitch and Roll Attitude
Regulation Tasks

Pitch Attitude 5.7deg/in. .
Roll Attitude Ideg/geg

Flight Director
(FD)
ug * Longitudinal Velocity FD = Director Commond
Error .
CATHODE RAY DISPLAY FORMATS

t

'

Display Scaling Flight Director Equations
Velocity AFCS M = .25(xe + Tpue) f4/in.
Position | Velocity Pitch Rate D = ,125(xg + Tpue + 200) ft/in.
Error, X | Error, ue and Attitude D1 = ,025(xy + Tpue + 1008) ft/in.
Figure IV-6. Cockpit Display Panel Configuration,
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techniques for evaluating displays, as well as to .obtain comprehensive data

- on a range of display formats. The measurements are divided into performance
and descr}bing function meaaureé obtained during steady tracking tasks, eye-
point-of-regard obtained during.these same tasks, pilot opinion ratings
obtained at the end of fhe tracking runs, and excess workloed capaclty as
measured by the instability score obtained during the cross adaptive task.

1. Performance and Describing Function Measurements

During %he steady state tracking tasks the pilots were ingtructed to
| minimize 'longitudinal position deviations caused by the command velocity
| generated by thé DFA (Fig., IV -1). After a warm up period to ellow the pilot
w to reach steady staté, data were measured over a 100 second period. Mean and
‘ : mean-sqpared measures of a variety of variables associated with both the
primary and secondary tasks were obtained on the analog computer. These data
were then further reduced off line to give RMS values. The DFA computed
, Fourier coefficients and 'additional performs.ace measures during the measure-
ment perlod, and thege data were also furthe; reduced off line to yleld the
' pilots' describing fuuutions, remnant, and describing ‘function fitting para-
neters related to primary task ‘bandwidth. (These vere crossover frequency,

! ; 0., and stability in the gense of the phase margin, P )
|

2. _EyebPoint-of-Resafd (EER)

! | The display arrangement (Fig. IV -6) required scenning between the CRT
land the collective control task displays. It was desired to measure the
. amount‘of time spenf viewing each display and the rate of scanning between
\ ' displays as well as'to see if the different longitudinal display formats
‘ ' cauaed'différencés in thege statistics. It was also desired to see if the
' different display formats might cause scanning among the elements of the display
on the CRT. :

!

T?e EPR eqnipment.conais%ed of three units: ' 1) spectacle frame-mounted
. transducers and associated electronigs for measuring eye angle with respect
| .to the head; 2) a goniometer gripped in the mouth for measuring head angles
with'respect to'the displey panel; 3) a special purpose analog computer for
combining the head apd eye angles to give voltage signals proportional to
thg eye-point-of-regard on the display panel. 'This.system is more fully

[ I,
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described in Ref, 31, In the experiment described here we only measured
horizontal eye movements. This was because we were primarily interested in
scanning between *he collective side task displays and the CRT.

3. FPilot Opinion Ratings

At the end of each tracking run the pilot was asked to record his sub-
Jective opinion of various display qualities on the questionnaires given in
Table IV -4, The pilot recorded his opinion by meking & mark on the rignt

hand edge of the scele asguming it to be a continuum.

The scales were designed according to recent ideas on psychophysical scal-
ing of aircraft handling qualities. (Y;gg Appendix C and Ref. 25.) The scales
vere designed tc measure a broader range of effects than were tested in these
multiaxis experiments. The avproacl. here was to pertition display factors into
several dimensions, in order to obtain a more comprehensive measure of display

acceptability than might have been obtained from a single rating.
L, Cross Adaptive Excess Control Capacity Measurement

Tne cross adaptive task described above was performed on esch display
format after the steady tracking run. The roll divergence paramcter (k¢) was
started at 0.1 rad/sec end was held steady at the begimning of the run to
obtain a steady state meassure of performsn:e. 'The error criterion was then
reset 25% greater and the adeptive adjustment of k¢ cormenced. The adaptive
rate Xp (see Fig, IV-5) wa~ set to obtain a repid, steble adaptation. The
rur: vas allowed to continue either until the pilot lost control or until A

¢

settled out at a steble level. The x@ cccurring at losg of conirol or the
firal, stable level were then recorded as a measure of the pilot's excess

control cspacity for a given display format.
E. SUBJECTS

two expericnced Air Force test pillots, one with considersble helicopter
egpcriencs, were employed as subjects. Their background and flying experience
are sunmarized in Table IV,
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Table IV-5. Pilot Background and Experience

Pilot Background Flight Time

and Age Total Instruments V/STOL
PB Experimental 5900 650 Looo
38 Yr. Helicopter Flight Test;

Opinion Rating of
Flying Qualities

FP Aerospace Research and 3600 300 100
22 Yr. Experimental Flight Test;
Opinior Rating of

Flying Qualities

F. TRAINING AND TEST AGENDAS

Both pilot subjects were given a preliminary orientation session in which
they were told the nackground and objectiven of the research and allowed to
familizcrize themecives with the simulator aad tasks. This was followed by a
“raining session during which preliminary data were collected. The formal
data collection then occurred during two further sessions. Tre first session
invoived working with the velocity AFCS longitudinal task dynsmics, and
included cross adaptive workload measurements. During the second test session,
the pitch rate feedback AFCS was employed, and the side task instabilities
were varied as indicated in Fig. IV-l4 to give both low anZ high workload con-
ditions for the EFR measurements. The run logs for the formal data sessions
are given in Tables IV -6 and IV-T7.

Each test session was conducted over an 8 hour period with the pilots
taking turns in the simulator at nominally 1 to 1 1/2 hour intervals. As
mentioned previously the test sessions were conducted on a shoot-look=shoot
basis and do not reflect formal experimental design pracilce. The order of
presentation, however, was randomized. The main emphasis was on obtaining
data that were valid from both the experimenters' and pilots' points of view,
and that would demonstrate the usefulness of the various measurement techniques
employed here for display evaluation.

G. ORGANIZATION OF THE RESULTS

In the previous subsection, we discussed four different classes of

TR 1832 T0



TARLE IV-6. RUN LOG FOR THE FIRST FORMAL EXPERIMENTAL STSSION
3 WITH THE VELOCITY AFCS CONTROLIED ELEMENT

Lead Time
Pilot M;;gpfj;k Constant, T,
y (sec)
a PB State -0-
% State + Rete Y]
2 Flight Director 1.5
.8 FP State + Rate 1.5
§ State -0-
5 Lunch
N
';éi l State + Rate 3.0
2% State “0-
o PB Flight Director 1.5
s State + Rate 1.5
3 2 Fit. Dir. (no State) 1.5
Flight Director 3.0
Flight Director 3.0
State + Rate 1.5
FP State -0«
R L Flt. Dir. (no state) 1.5
Lo Flight Director 1.5
) . : State + Rate 3.0
5, O . L
) o i
o:)i
4
o, 1
Sy, - ‘(
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TABIE IV-7. RU§ LOG 70R TRE SECOND FORMAL ZXPERINEF TAL
SELSION WITH THE FITCE AFCS CCHIROLLED ELZNGHT

) Main Task "Lead Tinme EFR Side
P1lot Displa Songtant, Ty, Measurement Task
pray (sec) as 81 Worklosd
State wQa
State D ]
B State + Rate 3.0 No
Stete + Rate 1.0
FP Flt. Dir., FD* 1.0
FB F.t. Dir., FT 1.0 Low
imnch
PB Flt. Dir., FD 3.0
Akl Flt. Dir., Fme 5.0
L § -
,.'_1 ‘ I"P F.Ltc ?ifs, Fm 3.0
Y i w8ee Qs
SR State + Rate 3,0
A A
Wit State + Rate 3.0
et B State By
X Flto Diro, FD1 300
gl Yes
3‘;»"?% F? Flto Diroy FD] 390
e Flt. Dir., FDi 3.0
X FB Stete -0-
; ;%3 State 4 Rate 3.0
U State + Rate 3.0 High
£ dﬁ"qi;??’; e State «Q-
}\' :v“% Flt- Diro, FT)] 3.0 v
@’\“;} Flto Dlro, FD] 1.0
Fegad PB Fit. Lir., FDI 1.0 No
Yed .
L4 *Flight Director equations given in Figure IV-6.
l
‘s
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mcagurements which were made during the course of these pilot experiments

for a theory of integrated display format. These four classes of measurements
are repcated below with a list of the specific forms in which the results ot
each class of measurement will be discussed.

1. Performance and Describing Functioas

a. Tracking errors, coherence, relative
remnant, control and motion variablec

b. Describing Functions
2. Eye-Point-of-Regard (EPR)
3. Cross Adaptive Excess Control Capacity
4, Pilot Opinion Ratings

Recause of the extraordinary volume of results which has been obtained from
these experiments, we have chosen to call attention to specific observations
awbout each type of measurement in & terse illistrated review rather than to
attempt to present all the results in detail. Ffollowing each review, we
shall endeavor to relate key results to the pre-experiment analysis which
wag performed and to the theory of manual control displays.

Since we have also six display configurations and two controlled elements
to discuss, we have ebbreviated the notation for each in the following ways.
The primary display configurations are denoted by alphabetical letters and by
o number which represents the lead equalization time constant, Ty (sec), used
to scale the error rate display or the error rate signal in the flight director.
These primary display configuration codes are repeated below with their
definitions.

8 "State" without rate {(no longitudinal error rate symbol)

& + R "gtate-and~Rate" (longitudinal error rats symbol added to S)
with Tp specified in aec.

FD "Flight Director" with Ty specified in sec for Yo = K/s and

including pitch attitude feedback scaled at Ko/Ke, = =20 ft
for Yc n K/!e

' "Flight Director" with Ty spccified in sec and Ko/Ky, = =100 ft
for Y, = K/e®

FD? “Flight Director" with T; specified in sec and Kb/Kxe = =50 ft
for Y, = K/o2

n "Director" diaplay without longitudinal error symbol and with

Ty, specified in sec for Y, = K/s.

™ 183.2 T%
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The primary controlled element with a velocity AFCS is denoted by Y. = K/s.

Similarly, with & pitch AFCS, the primary controlled element is denoted by
I’/B .

H. TRACKING ERRORS, COHERENCE, CONTROL AND MOTION VARTABLES

This cluegs of measurements is often termed "performance", because it
degcribes the pilots' control activity and vehicle motions as well as the task
error. Three types of error measurements were obtained in these experiments
1) average errors and 2) mean-squered errors (variances) over each 100 sec
run length, and 3) error-to-input describing functions at each of the five
input frequencies. Both coherent and incoherent error spectra were computed
at the five input frequencies by our on-line serial segment technigue (Ref. 29).
These spectra revealed that the signal-to-remnant power ratio at each of the
measurement frequencles was on the order of 10:1, even though the average
~oherence might have been only about 0.5. This was because all of the input
power wag concentrated at the five frequencies.

The ratio of the incoherent error variance to the total error variance is
called the relative remnant over each 100 sec run length. Since the computed
remnant error spectra have offered no new insight for display evaluation based
on the frequency distribution of uncorrelated error power, we shall not 1llus-
trate the remnant error spectra here. Instead, we shall show some effects of
display configuration on the more compact average metric: relative remnant.

Figure IV-T shows the velocity error coherence, pﬁe, the relative remnant,
1 - pﬁe, and the variance ratio, o%e/o%i, as a function of display configura-
tion with ¥, = K/s. The variance ratio is normalized with respect to the
leader's (input) variance, cﬁi. The recults for each run by each subject are
presented at the left when averaged over the entire 100 sec run duration.
Selected runs are presented at the right when averaged over the 100 sec run
duration in four serial segments of 25 sec each. Differences between the
coherence and variance averaged in these two ways for the same run by each
subject are indicative of non-stationarity in pllot tracking behavior. There
are evidences of slight differences in this regard in Fig. IV-7, primarily
with the flight director display.

Both subjects' velucity error coherence was less in using the flight

TR 183.2 T4
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Pilots: OPB, [JFP ; Replications Tagged ; Y. = K/s ; (710527)

1.0 8 @' o 1.0 + -0
Error - g oy
0.8 , 08~ 0.2 Relative
Cohe{ence o 8 © Pug R Remnant
06 0.6 - - F04 (-2
Pug 0 0 0] o} (1-pue)
04 na{ B U 06
s 0O
0.2 o 0.2- O tos
o 1 Ef 1 1 | ¥ 1 O T T T |.O
S S+RS+R FD FD D S S+R FC
T isec)=15 3 3 15 T (sec) = 1.5 1.5
1.0 1O -
Normalized
Error 08+ o2 081
Varionce - 38
o
o, os1{l & o i 061 -
p O O o) 5
uj 044 o 0) 04 - O
0.2 1 0.2 4
' ! v ! LI | 0 T T T Y
S S+tRS+R FD FD D S S+R FD
Tdsec)=15 3 3 15 Tsec)= 1.5 1.5
Display Contfiguration Display Configuration
Averaged over the entire Selected runs averaged
100 sec run duration over the 100 sec run in

serlal segments of 25 sec

Figure IV-T. Velocity Error Performance
with Velocity AFCS
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director with Y, = K/s, and both subjects achieved lower velocity error
variance with the flight director (Fig. IV-7), because both adopted higher
galn eyualization with the flight director.

Subject FP's velocity error coherence was always less than subject PB's ¢
coherence with Y, = K/s (Fig. IV-T), because of FP's higher gain equalization

technique. (Recall that subject FP had the muchsmaller amount of helicopter
time.)

Figure IV-8 shows the corresponding velocity ccherence and variance ratio
with the controlled element Y, = K/32= At least for the three runs analyzed
in serial segments, there is strong evidence for non-stationarity in FP's
coherence with the S and 8 + R formats. PB's coherence tended to increase
glightly on the statc-and-rate format and on the better director format
(TL = 3 gec) with ¥, = K/sz. His coherence dropped markedly on the off-
design director format (Ty = 1 sec) with Yo = K/s2 and on the off-design
director formet (Ty = 3 sec) with Y, = K/s.

I e A R e

For corresponding display configurations, the normalized velocity error
variance is alvays greater with Y. = K/s2 (Fig. IV-8) than with Y, = K/s
(Fig. IV-7). Furthermore, both subjects amplified the leader's velocity
variance with the S format and Y. = K/s2 (Fig. IV-2).

There 18 no ccnsistent evidence of the influence of low and high side

task workload on subject PB's velocity error coherence and variance with
Y, = K/s2 (Fig., IV-8).

Likewise, there 1s no consistent evidence of the influence of low and high
side task workload on subject FP's velocity error variance with Y. = K/sg
(Fig. IV-8). With the exception, however, of the preferred flight director
(TL.n 3 pec) configuration, FP's velocity error coherence was about 0.2 point

lower in replications of the primary task with the higher secondary task
workload.

Subject FF's tracking error variance and coherence (or relative remnant)

are more sencitlve to display configuration with controlled element Y. = K/a2
(Fig. IV-8) than with Y, = K/s (Fig. IV-T). |

Relative remnant, although sensitive to display content with Y, = K/52
(Fig. IV-8) where lead equalization is required, is more sensitive to change
in the pilots' gain equalization technique than to display format (Figs. IV-T7, 8).
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Pilots: ©OPB , LJFP ; Replications Tagged ; Y, = K/s2 ; (710528)

Error
Cobherence

2
PUe

Normalized
Error

Variance
2
Tug
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\

The lowest tracking error varisnce and the lowest relative remnant with

Y. = K/s2 were achicved with a properly equalized flight director ﬁaving
= 3 gec (Fig. IV-8). This value of Ty agreed closely with the predicted
best value, T = 3.3 sec. !

The lowest tracking error variance with Y, = K/s was achieved with a
flight director display by both subJectsthig..IV—7); however, the lewest
relative remnant with Y, = K/s was achieved without a flight director by
subject PB, because his describing function shows that he chose to adopt a
lover gain equelization technique with S and S + R. (Fig. IV-12). |

The mean errors and root-mean-square errors from trimmed values ‘of cther
motion variables and control displacements,shown for selected runs in Figs.
IV-9 and 10,are more sensitive to piloting technique than to display config-

uration. The FD, however, does help to achieve the lowest RMS longitudinal
displacenment error.

The secondary task errors shown for selected runs in Fig.'IV-11 are not
sensitive to primary display configuration with'either controlled element.

Since most of the trends in the meesures of perforﬁance presented here can
be "explained" by the trends in the subjJects' adopted describing function gains,

we shall defer the discussion of perfoimance until the describing functions
themselves have been presented. :

I. DESCRIBING FUNCTIONS

The amplitude and phase angle of both open-and closed-loop describing '’
functions were computed from the measurements by the Fourier anslyzer (DFA)

at each of the five input frequeucies. The extended crossover model (Ref. 10)

provided a good representation of the open-loop describing functions (¥b!§)
in the neighborhood of the unit-gain crogsover freqnency W+ This parameter
determines the effective closed-loop tracking vandwidth. Therefore, we, have
ugsed an automatic computer-interpolation progrem to select abproprlate values
of the effective time delay, e’ and the low frequency lead lag phase coef~
ficient, a., for fitting the extended crossover model to the two neasurements
nearest w,. We believe that the extended croussover model parameters (ob, Tec
Oe; Py and ayy,) fitted in this simple vay adequately represent the dominant
describing function properties for the purposes of diaplay evaluation.
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Pllots: © PB., 1J FP ; Replications Taggéd ; Y = K/s ; (710527)

Velocity 04 - _
Error
With 034, _ Velocity 03 -
Respectto | Tl |IT ! ~ Error With
Velocity 0.2 1 | : Respect to 0.2 -
Command ' Trimirv:ed
" U 0.l - o Veloclty 0 - I |
- | u
(ft/sec) 0 I (fi7sec) 0 XD
.S S+R FD . ‘ S S+R FD
. 2- | : 04 4 o
| ' i Longitudinal T 1
| . Longitudinal Pitching o34+ + T
| ~ Displacement Moment T
Eiror With | Contre) 0.2 4
:espiecfI to Displacement
omina : ]
Position 8p ol
(rod)
Xe' , TR
| (ft) S S+tR FD
| Lénéth of bar denotes RMS value
| | - Lacation of pllot's symbol
oo . TS 'S+R'FD L denotes mean value
j - I
Pitch ! ,
Attitude | L : !Pltching
Deviation I - | Angular |
From . ! . Velocity
"1 Trimmed -9
Attitude T (deg/sec)
8, . O+ L] | ORI
. (deq) S S+R FD | . ‘ S S+R FD

T {sec) = 1.5. | 1.5
Display Configuration

T (sec)=15 15
Display Contiguration

Figure IV-9/ Selected Runs Showing Mean Errors and
Root-Mean-8quared Errors for Primary Task
Motion Variables with Velocity AFCS
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Pllots: O PB, O FP ; Replications Tagged i Yo = K/s? : (710528)

Velocity 04 - TT T .
Error With T '
Velocity
5:?5;?; to 03- _ Error With 0.3 -
Respect to
COTZ'“O"d 024 |, | Trimmed 0.2-
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{ft/sec)
0 : . . i 0‘4 QD on ‘n
S S+R FDI S S+R FDI
2 0.2 4
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Error With T omen K
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xe ol N (rod) 0L
(t) ° AU S S+R FDI
-] - Length of bar denotes RMS value
S Location of pllot's symbol
S S+R FDI denotes mean value
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Attitude Pitching
Deviation | - Angular |
?r?rrnnmed velocity
q
Attitude
/
(deg) S S+R FDI S S+R FD!
TL(SBC) = 3 3 TL(sec) =3 2
Display Configuration Display Configuration

Figure IV-10. Selected Runs at High Workload Showing Mecan Errors
and Root-Mean-Squared Errors for Primary Task
Motion Variasbles with Pitch AFCS
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Pllots: © PB, O FP ; Replications Tagged
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Figure IV-11, Selected Runs Showing Mean Errors and
Root-Mean-Squared Errors for Seccndary Task
Displayed Motion Variables
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1. Observations on the Open-Loop Crosso~er Model Parameters for YpYc with
YC = F:/So

The computed parameters are shown as a function of the primary display

configuration in Fig. IV-12, The meagure: vange of adopted crossover frequen-

cies with the S format and Y, = % wus 0.32 < w, < 0.57 53%. The predicted
value was 0.4 228,
sec

The measured runge of adcpted crossover frequencies with the preferred
Cirector (TL = 1.5 gec) for Yo = % wvas 0.7 < w, £ 1.0 g%%. This higher gain
explains the lower velocity error coherence and normalized varience with

FD(Ty, = 1.5 sec) in Fig. IV-T.

Jubject PB's piloting technique was more consistent then FP's technique.
Subject FP adopted very high crossover frequenciesz with the error rate display
configurstions (8 + R, FD) by taking advantage of the higher frequency
(circe 2 EE%) second order lead equalization inherently provided by this con-
troiled element. FP's techninque is reflected in lower effective time delays,
higher phase margins, and highe» unstable frequencies than those recorded for
PB.

The trends in adopted crossover frequency among display configurations
und between subjects "explain" the comparable trends in normalized error

variance and coherence shown previcusly in Figs. IV-7 and 8.

2. Obsirvations on the Open-Loop Crossover Model Parameters for Yﬁ!c wvith
Yo L] K/Ha-

The computed paremeters are shown as a function of the primary display
configuration in Fig. IV-13. The measured range of adopted crosaover frequen-
cies with the 8 fomat and Yo = Sy vas 0.3 < w, < 0.43 22, Mg agreed vent

with the predicted value of O.4 rad,
sec

The measured range of adopted crossover freqQuencies with the preferred
director (TL = 3 gec) for Y, = %g was 0.1% < w, < 0.58 E&Q. This agreed well

rad gec
with the predicted value of 0.9 Pred

The monsured range >f adopted crossover frequencies with the 8 + R format

and Y, = §§ was 0.%5 < o, < 0.62 5&%.

™ 1A3.0 A3
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The sagured phase margini were between 20 and % deg for the S and
FD{Ty, < 3 sec) formats. Predicted crossover frequencies were based on phase
pargina of 36 deg for the stats format and 35 deg for the director. The
measured phase marging were greatest with the state-and-rate format
(310 < qp < 66°).

The effactive time delays for s.bject FP wer=z greater than for subject PB
except with diaplay FD(Ty, = 3 sec). The effective time delays were roughly
sompaxsble between the S and the € + R forwats and appreciably lower with the
preerred FD(Ty, = 3 sec) format. The result with the preferrzd director would
be expected, since Fig. IV-1l shows that the pilots did not have to adopt low
frequency lead equalization with its consequent incremental time delay tc get
the regults “igplayed in Fig. IV-9. The resulte for the gtate-and-rate format
suggest tuat explicit presentation of the rate symbol integrated with the
position rrror symboel did not reduce tne effective time delay accompanying the
adoption of lead equalization by the pilots, although it did reduce the scan-
ning workload required for monitoring speed variations, as the EFR measurements
will show. An hypcthesis for the state~amd-rate result is advanced in Ref. k.

The effuctive low frequency phese approximatior coefficients,Cio, for pilot
PP are leas veriasble than for pilot ¥P. Those for PB are roughly comparable
netween the state and the state-and-rate formats and apprecisbly nigher with
the best director. This result reflects the difference betweern the lead-lag
equalization supplied by the pilot with the state and the state-and-rate formets
end the similar type of equalization supplied by the effective confirolled
2lement vith che preferred flight director display. The preferred range cf
pitch attitude feedback gains io the flight director shown in Figs. IV-1k and 15
ves chosen by the pilots besed on the relatively low rate of director null
aexis-crossing required to maintain tizht pitch attitude control while perform-
ing the primery task. The preferred range of K’g/Kxe includes the value -62.5 fv,
vhich was predicted.

The measured phase crossover (unstsble) frequencies showed great variability
among 8ll display configurations, subjects and replications. Their rerze vas
lowest with the state format (Figs. 1V-6 and 7).

J. EYE-RIET-0F-REGARD Ma£ASUREMERTS

AL of the EPR aata werc cobleived with Y. = g? for the longlitudinel
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station-keeping task. However, two levels of workload were estasblished for

the altitude-kecping task in urder to determine the effects of a more and a
less demanding secondary task on the EPR measurements and pilot ratings.
Some effects of secondary task workloud, subjects, and display configurstion
on the EPR are illustrated in Figs. IV-16 and 17.

Figure IV-16 presents examples of the time histories of the EPR on each
display format for both subjects at the two levels of secondary workload.
F/gure IV~17 compares some of the average fixation sempling intervals and
dwell times which have been estimated from the EPR data at the two levels of
workload. A complete summary of average scanning properties with high work-
loed 1s presented in Fig. IV-18 and with lower workload, in Figs. IV-19 and 20.

Before we discuss and interpret some of the EPR data in the light of pre-
experimental predictions, we shall offer a concise summary of observations
from the EPR data presented in Figs. IV=17 through 20 in terms of the most
notable effects of workload, subJect pilots, and display configurations.

1, Concise Summary of EPR Observstions from Pigures IV-16 througb 20

a. Workload -

® More blinking (spikes in traces) with the lower worklosd
condition (Fig. IV-16)

® Higher, more regular scan rate for the higher workload
condition (Figs. IV-16 and 18)

@ Monitoring workload marrins were measursbly reduced by
the state-and-rate and director foraats for the lower
workload condition (Fig. IV-19)

b. Pilots =~

® PB has a lower scan rate, a higher side task dwell, and
s more regular scan pattern than FP (Figs. IV-17, 18 and '9)

® FP 414 more monitoring than PB (Flg., IV=19)

c. Dis g -

% Definite scanning withir the CRT for flight director display
(Fig. IV-16) (looking between FD and xe symbols) with about
equally partitioned dwells of atout 0.% sec for the lover
workload condition. (Fig. IV-20)

TR 18%-2 87
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® Definite scanning between L, and h displays (Fig. IV-16)

® Scanning Behavior similar between pilots for low workloead
condition (Figs. IV-17, 19 and 20)

® CRT dwell time trends quite different between pilots
under high workload (Fig. IV-17)

¢ Fairly constant side task dwell times over all display
and workload conditions (as noied ir previous research,
e.g. Ref. 9) (Pig. IV-17)

2. Discussion of EFR Results

The airspeed indicator was not monitored by either subject with the
more demanding altitude-keeping task. However, even with the less demanding
slde task (Fig. IV-19), the lock fractions on the CRT and the side task are
nearly 0.5 each, so that very little monitoring of the circular airspeed
jndicator and altimeter ocrurred with the state format. (More monitoring

fractions were predicted than occurred.) The monitoring fractions were
| reduced further with the state-and-rate and director formats. Monitoring

dwell intervals and side task dwell intervels were seldom less than 0.5 sec.

The altitude control cide task dwell fraction agreced well with the
predicted value 0.57 under conditions of high workload in Fig. IV=-18. Dwell
fractions on the CRT under conditions of high side task workload were slightly
greater than the predicted value (0.57) by the amount (0.06) predicted for
monitoring airspeed and altitude.

Under conditions of high workload inFig. IV-18, subject PB's scanning
frequency on the CRT for the state format {0.79 Hz) agrced well with the
predicted value (0.4 Hz). FP's scanning frequency, however, on the same
format (0.84 Hz) was over twice the predicted value.

- In an effort to coalesce the effects of the several scanning variables,
we have computed a unifying parameter combination which appears in several
derivations for finite-dwell sampling and is termed the "Scanning Frequency
Parameter" 8: (Ref. 9 and 18)

Wy

we(t = n)

8 =

vhere: wy/w, = ratio of scanning-to-crossover frequencies
n« Ty/T, = dwell fraction

TR TE S ol



If we denote the average nonfixated period by iA = Ts - Ed’ and the crossover
perlod as Py = 2n/wc, algebraic manipulation of the above expression gives
the simpler expression: 9 = P@ﬁﬁﬁ . This suggests a simple physical meaning
for S, as the ratio of the crossover period relative to the time-away from
the display. This ratio should be large to minimize scanning remnant effects.
The results of this computation of S are shown in Fig. IV-21. Subject PB's
normalized scanning frequency parameter, S, was closely bounded (14 < 8 < 18)
for all display coafigurations at high workload, whereas FP's mcasured values
of 'S ranged between 19 and 35, when the dwell fraction on the CRT, %opr.s Wes8
used iu the computation of S.

Scanning among symbols on the CRT (called "internal CRT scanning," for
short, in Fig. IV~20), however, is evident with bcth Jow and high side task
workload. [Winblade (Ref. 28) also noted scanninuj among CRT symbols on an
integrated vertical situation display in previous research.) When scanning
rmong CRT symbole with lower workload is accounted for by using rarual control
theory together with the simplest of describing function measurements (exempli-
fied by thc crossover model, the partitioned scanning frequency parameter, S,
for the preferred flight director (Ty, = 3 sec) with Y, = K/8° becomes very nearly
the same value for both subjects, whereas S exhibits a two-fold difference if
otherwise based on CRT scanning as a whole (Fig. IV-21). This finding is con-
sistent with the close agreement vetween coherence (Fig. IV-8) and crossover

frequency (Fig. IV-13) for both subjects with the same flight director and
Yc = K/Bao

Velocity error coherence of subject FP (< 0.43) 1n Fig. IV-8 wac mueh lover
than predicted (0.75) with Y, = K/a2 for the state format. Since the normalized
aye scanning meagurements (S = 35) for subject FP with the state format agreed
quite well with predictions (8 = 39), another significant source of remnant such
as non-atationarity may have bLeen present. The difference between whole run

length average coherence and serial segment average coheience would tend to con-
form the presconce of non-stationarity. Pllot FP's coherence increased about

two-fold on the state-and-rate format and increased to a level comparable with
PB's coberence (0.8 < pﬁe < 0.9) on the better director format (FD: T, * 3 pec).

Velocity error ccherence of aubject PB wag about equal to that predicted
(0.75) for the state format with Y, ~ X/s2. However, EPX measurements (summar-
ized separately) for subject PB with the state format ahowved a consistently

™ 1832 93



o A s Bt a0 S e Vol 4 e e

Pitots: © PB, J FP ; Replications Tagged

wg =2y = Scanning frequency on primary display

we = Crossover frequency for longitudinal separation control loop

(I-mere) = Scan interrupt fraction on primary display

(1-mgo) = Scan interrupt fraction on flight director within primary display-

40

Scanning

Frequency
Parorneter
on Primary 30+
Olsplay

201
Wy
Sz —
wel!= Nepy)

10

o)

© a
o0

S S+R FD FD

Tg“‘SGC) z 3 3

Display Configuration

, ad ,
Side Tasks: u,, -0.25%33 ;

TR 18%5.2

High Workload

Figure IV-21,

M, =02

rad

!
| Partitioned
40 - | Scanning
Scanning | Frequency
Frequency | Parameter
Parometer : for Flight
304 o ! Director
e Thbn B L :Jril':\::'y
- |
well-ear) o G735 pisplay
20 ! w
'0) o __sr0
well=mep)
|
10~ !
|
|
l
0 '"--r-
.S SeR FD FD
Tseci=3 3 3
Display Cenfiguration
Low Workload
it AgtQl %%%

s8C

Scanning Frequency Parametar as

a Functinn of Diaplay Configuratiivn

%6



lower foveal scamning frequency parameter (Sf 5~18) than the effective value
predicted (S = 39) to achieve the coherence of 0.75. This roughly two-fold
difference in 8 can be attributed to:the two-fold difference bYetween the meas-
ured (foveal) and predicted {effective) interrupt fractions on the primary
display (CRT). (Measured ! - nopp = 0.72; predicted 1 — ne = 0.16 %o uchieve
coherence of 0.75 which actually spproximutely sgreed with the meagsured
coherence.) Thias difference is guite conslstent with that attributable to
the efrects of parafoveal viewing. In fact, an estimate of PB's uverage
parafoveal-to-fovesl gain ratio, O, can be inferred from the relationship
(Bef. 2) between 0 end the two interrupt fractions

e — N2 (1 - ne)

= o 2 1 e = 0,5
1= (1 = n¢)
This example shows how coherence (relative remnant), EPR, and crossover
frequency measurements can be gainfully cesbined with manual ~ontrol display
theory %o infer the effectiveness of a pilet's parafoveal visual ability
which cannot be Qirectly ovgerved!

EFR measurements alone are not sufficient to serve es & messure of the
quality of an integrated display. However, EPR measuremeuts are a necesgsery
adjunet, in concert with coherence, describing Punction, and exceas ~ontrol
capecity measuremente to help in discowvering the rationale {or piliots' adopted
tracking control behavior when confronted witk an integrated display. Withip
the congtraints of a precision flight control task involving high ettentional
worklond, the dintegration’ of the displayed verisbles reguired for control
and monitoring ceu help the pilot Ir two ways. First, tue integration mey
relieve e seturated {or potentieally over saturated} scanning condition.
Second, the integration may help to increase ihe controlling scanning workload
fraction by reducing the monitoring scanning worklced fracticn, which is, of
necessity, emall anyway. Ip elther or both of these ways the integratior may
effect a reduction in the whule-task remmant and effective time deley with s
consequent m-asurable increase i excess contrnl capacity for coping with
unexpeceted workload,

. O , ’
TR Oi6A-2 9



K. THE CROSS ADAPTIVE MEASURE OF EXCESS CONTROL CAPACITY AND SUBJECTIVE
RATINGS OF DISPLAY QUALITY '

In our first application of the cross-coupled secondary subcritical task
for display evaluation, secondary scores reflecting a measure of exceas control
capacity have been obtained with Yo = %. This is believed to be a fairly
gengitive test of the cross-adaptive tssk for the purpose of display evaluation
for two reasons, First, the controlled elcment did not require low frequency
lead equalization with its concomitant incremental effective time deley which
is known to reduce the cross adaptive measure of excess control capacity. (!125
Appendix A.) Second, the subjective pilot ratings of attentional demand in
Fir. IV-22 were not e2nsitive to display configuration with ¥, = %,wher;aa
the same ratings were more sensitive to displey configuration with Y, = -2
which does require low frequency lead equalization.

The secondery scores nbtained on the several primary display configurations
are stown in Appendix A, Fig, 7 and deacribed in the accompanying text of
Appendix A. The results for both pilots show that the cross adaptive measure
of excess control capacity appears to be a more unique measure of display
quality than does relative remnant on ccanning workloed fraction and a more
sensitive measure than subjective opinion with Y, = %‘

Among the other subjective display quality ratings in Fig. IV-16, the
off-design flight directors (Ty = 3 sec with Y, = § and Ty = 1 sec with ¥, = 52)
were down rated for controllability and precision by both subjects, and the
director format (D) without task error was down rated for status utility as
expected. Pilot PB also recognized correctly that he had no bagsis for rating
"precision" of the task with format D. As noted previously, attentional demand
ratings were sensitive to primary Aisplay configuration with Y, = E& and to
the workload on the altitude-keeping task in predictable senses. The -following
table compares predicted and messured ratings for “controllabilily-and-precision”
and "attentional demand". Other ratings by the pilots did not show distinct or
unique trends with display configuration.

State Format 8 Director Format FD
Predicted Ratings c* D4 c2 D3
Mrasured Ratings C3% to C1 D4 to D3 3 to O D3 to D2
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SECTION V
CONCIUSIORS AND RECOMMENDATIONS

A. CONCLUSICNS FROM THE RESEARCH AND IMPLICATIONS FOR A THEORY OF
INTZGRATED DISPLAY FORMAT

The first (single-axis) oxperiment gave results which led to the
following conclusions with respec’ to the various formats which were
tested. The quuntized format, at “east with the comparatively coerse quen-
tization which was employed in the experiments, caused an incremental
effective time delay of epproximately O.1 sec under bhoth foveal and para-
foveal viewing conditions. For this reason, this type of display 1is not
t0 be recommended for precision tracking tasks. Use of the vertical bar formst
(thermometer type) ceused notably degrsded performance, and the format
ghould prefersbly not be employed in closed-loop tracking tasks. There
were no distinctive differences in measures of pilnt behavior, coherence
or error scores between foveal and parafoveel tracking with the line and
dial formats as long as the parafoveal viewing angle was 10 deg. At a
20 ldeg parafoveal viewing angle, however, these meassures deteriorated.
For example, & displey designer might be impelled to increase the filela
of view of an integrated display format to improve the pilot's lasis for
monitoring the situation. Alternatively, the designer might want to
increase the displayed field of view to reduce foveal clutter am~ng symbols
in a dense format, if the content must be preserved and the field of view
scaling does not otherwige bavz to be In the ratis 1:1 with the real world.
However. the results of che single-axis experiment imply that increasing
the fleld of view of an integroted display foimat greater ithan about 10 deg
will produce diminishing returns thro.gh the relatively greater deterioration

of parafcveal tracking ability.

In comection with integrated displeys; for multi-axis tracking tasks
(the second experiment) the theory of msnur) comirol displays bas been
successfully employed in designing display evaluation experiments so as to
leolate the effects of the controlled elemeut, the effects of individual
pilot benavior and tre difficulty of the task from the effects of the display
itself. Use of the secondary cioss-sdaptive sub-critical tracking task, by

separstely identii;ing a measure of tracking precision from o measure of
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excess control capacity, can ensble one to understand some of the heretofore
confounding effects caused by employing difficult controlled elements with-
out proper equalization in display evaluation experiments. The secondary
crogss-adaptive meagure of excess control capacity on the pilot's primary
task discriminates among examples of display format and content in a sense
which is predictable, because the cross-adaptive task can guarantee that

the pilot will be fully occupied with relevent tracking control tasks

during the workload measurement interval.

Although eye scanning patterns are relevant to workload (g;g; Vide
Appendi» A), the relationship is not a simple one. Since there is a
minimum dwell time of about J.4 sec for monitoring each instrument or
symbol under IFR conditions, it is possible to contrive saturated con-
ditions where the control task demands fixations by the pilot on too
many instruments too often in order to maintain control. However, even
without driving the pilot to his controllebility limit, the interpreta-

tion of eye-point-of-regard date alone will sometimes be esmbiguous if one

is looking for a measure of excess control capacity. The ambiguity will

% gl
RIS &
4

S
L s :i arise in the interpretation of the partition of scanning workload botween
;a4"§ displays foi controlling the task and for monitoring the situetion. This
o i partition of scanning workload is not uniquely related to excess control

b% capacity because of the constraint imposed by "Parkinson's Law" for the

:fA;ié | eyeball (gigg Appendix A). The partition of eye-point-of-regard statis-

” 'Qg tics alone may not reflect the partition afforded by excese control

%‘o O% capacity between +he pilot's subjective zonfidence level in the situation

'§ and the pilot's subjective impression of the difficulty of maintaining

%ﬁ 1 the required performance on the task.

903

R § Meagsures of the piloi's remnant, although sensitive to display content
Q%;% vhere lead equalization is required, are more sensitive to changes in the
j°“’§ pilots' gain equalization technique than to changes in display format. The
§?°%§£ | cross~-adaptive mrasure of excess control capaclty appears to be a more
N §; : unique and, therefore, more useful measure of display quality than does
Lo either the pilots' remnant or the eye-polnt-of-regard by itself.

;st, Th» theory of manual control displays already embraces the ingredients

for a valid theory of integrated display format founded on the comprehensive
“'é?cé behavioral measurement techniques (coherence, deseribing function,
(.\,O
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eye-point-of-regzrd, and excess control capacity) applieG in these pilot
experiments. In particular, the theory offers a new technique for dis-
covering the suspected correiation among display format, a pilot's parafoveal
visual ability, and attentionel workload in whole cockpit precision flying
tasks. There were four questions about an "integrated" display which were
posed to us by the JANAIR Committee in 1966 when research on the theory of
manual control displays was first initiated. We believe now that we have
answers to these questions. The questions themselves and our proposed

answers are as follows:

¥hat is an integrated display?

It is a combined presentaticn to the pilot of the proper
signals for controlling as well as monitoring the perfor-
mance of a task. Reference 3, which is included herein

as Appendix A, discusses the besis for this answer in

terms of the flight director (vide pp. A-1, -2 herein).

In the multiaxis tracking experiment reported in Section IV,
the highest measure of excess control capacity was cbtained
on the properly equalized integrated flight director format,
a result which also supports the proposed answer to the
£irst question.

How may the proper signals for manual control of a task be
predicted and verified?

This should be done by a combination of systems analysis
theory of displays, simulation and flight test. References
1, 2, 3 and 34 address the answer to the question of predic-
tion. Reference 3, which is included herein as Appendix A,
algo addresses the question of verification with an example.

How is the display properly integrated?

This is done 1) by providing the pilot with sufficient excess
control capacity in a multiloop display, l.e., an equalized
display or & flight director, 2) by minimizing the scanning
workload for monitoring the tesk and 3) by choosing & content
allowing the pilot to satisfy all task performance requirements.
This answer is also supported by resulis in Appendix A and by
the results of excess control capacity and eye-point-cf-regsard
measurements in the multiaxis tracking experiment reported in
Section IV.

How can the display be evaluated?

This 18 beat done by means of the secondary cross-adaptive
subcritical tracking task. This task measures excess control
capacity, including the effecta of scanning workload and whole-
tagk effective time delay, while the pilot maintains the
required task performence. The basis for this contention is
described in Appendi:x A.
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Four simple pilot vating scales for uge in research on and evaluation
of manual control displays were derived and used in the rilot experiments
reported on here. The scales are of interval-scale quality and will per-

t averaging and other standard prarametric statistical analyses. The
use of four trait categories: 1) task controllability-and-precision,
2) status utility, 3) clutter, and 4) attentional demand should help to

separate subjective identification of these often confounded effects.

An "integrated" displey does not necessarily eliminate eye scanning
tetween symbols and improve tracking coherence, but it may very well
increase the pilot's excess control capacity for coping with the unexpected.
This hypothesis deserves further investigation, test, and quantification
as a basis for measuring the quality of an "integrated" display, as well
as a whole display psnel arrangement, in & sense having practical value to
problems »f military and navel instrumernt flying.

B. RECOMMENDATIONS FOR FORMAL INTEGRATED DISPLAY EXPERIMENDS

Since it has now become clear that the systems analysis theory of
manual control displays already embraces the ingredients for a veiid
theory of integrated display format, we recommen? that the experimental
data base for integrated display design calculations be increased and
related to a practical common basis for evaluation, viz., excess control
capacity. o this end we recommend further development and practical
application of the crosas-adnptive measure of excess control capacity
described in Section IV and Appendix A for the purpose of formel display
evaluation by employing a weighted sum of more than one "primary” task
error variance. We also recommend that the subjective display quality
rating scales, used in the pilot experiments reported herein, be employed
in future display-related simulations to provide the data bagse needed to
refine the scales and to provide & bagis for separating tae identification

of the "status utility" and "clutter index" of & display as they relate
to excess control capacity.

We continue to recommend wich Increasing confidence that anyone cca-
templating control-display evaluation or related research should apply
the systems analysis theory of manusl control displays first to establich
the content, arrangement, gcaling ar® regolution (es well as automatic
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stability augmentation) for reducing scanning and lead equalization worke-
load in the visusl modality before attempting tc evaluate the effects of
the format, i.e., the relative number,size, type, nolor, contrast, and
separation of symbolic elements in the diaplayed field of view.

A miitilocp (equalized or flight director) formet is recommended to
provide superior excess control cavacity over the “state-and-rate” Format
for closed-loop tracking. Howeveg, the scaiing and symboiism of the
"state-and-rate" format should be investigated for the acquisition
of a guidance-and~control tracking reference, because the excess control
capacity of the state-and-rate format for monitoring the ecquisition may
be relevively greater than in pure tracking.

The subteuded angulaer field of view of the display for controlling and
monitoring the primary task(s) should not exceed about ten Zegrees in
order to take advantage of pilots' parafoveal visual sbility in tracking.
Within this field of view continue to use cathode ray tube line symbols
for the primary task(s); 1imit the use of the bar format to monitoring; svouid
alpha-numeric-, digcrete~, or ragter-quantization on the order of rms track-
ing signals; and avoid moving scale formats without a “command" bug for
tracking. Outside this primary ten-degree field of view fixed vertical
scale displays for monitoring the situation tend to reduce scanning work-
load by virtue of their compact width, but circular dials provide better
resolutior. «nd scale length within the same vertical (diametric) dimension.

After taking into account all of the foregeing conclusions and
recommendations, we further recommend the following plan for spplying

formal integrated display experiments to a problem of immediate operational
relevance.

® Adopt recommendations for formel experiments based on the
, reported "pilot" experiments re:

1?“~§ (1) content for reducing scanning and lead equalization
e workload the visual moGality

R (2) effects or 3caling, resolution, iield of view end
P guantizati.u.

(3) efferig of symbol end scale format
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® Use a coclipit scenario suck as helicopter IFR approach with:
(1) +three-control multiloop task

(2) three-color integrated display with selectable
line symbols for IFR )

(3) describing function analymer for forcing functions,
gain, phase and coherence measurements

(4) cross-adaptive sub-critical task for measuring the
level of attentional workload

(5) eye-point-of-regard system for measuring foveal
fixation statistics

@ Investigate symbol color, coutrast and clutter effects of
display~related remnant

© Expected results are: definition of an integrated display
for helicopter IFR approach with acceptable workloed and
sufficient excens control capacity.

R L A e L VA a0

}O
5

\

w

. AN AR by v
{ @ > N VMR
et i B

o
Sl
B L O LN E, L.

w

b

1Y

¢ TRo18%-2



2.

7.

10.

1.

REFERENCES '
McRuer, D. T., H. B. Jex, W. F. Clement and D. Grahem, Development

of a Systems Anaiveis hecry of Manual Control Displays,
Systems Techno'<gy; Inc.. Tech. Rept. 163-1, Oct. 1967. |

Clement, W. F. and L. G. Hofmann, A Systems Analysis of Manual '
Control Techniques and Displey Arrangements for instrument
Tanding Approeches in delicopters Vol. I: “Speed pnd_Height

Regulation, Systems Technology, Inc., Tech. Rept. 183-1, .
July 1969.

Clement, W. F., D. T. McRuer and R. H. Klein, Systematic Manual Control
Display Design, Systems Technology, Inc., Papez_"ﬂ}, Oct, 19T1.

Clement, W. F., Some Contr wporary Examples of "Integrated" Displays
for Precision Fl.ght Control, Systems Technology, Inc.,
WS 183-11, June 19£71 N

Clement, W. F., "A Theory for the Human Operator's Remnant in
Multiloop Display-Control Tasks," presented at Fifth Annual ’ '

NASA-University Conference on Manusl Control, NASA SP-215,
Cembridge, Mass., March 27-29, 1969, pp. 637-654. .
Weir, D. H., and R. H. Klein, The Messurement and Aralysis of Pilot

Scanning and Control Behavior During Simulated Tnstrument y
NASA CR-1535, June 1970. :

|

Dunhem, R. E., Jr., R. W. Jommer, Evaluation of & Moving -Graph
Instrument Display for Landing Approachés with a Helicopter,
NadA TN D-3025, Oct. 1970. ’

Garren, J. R., Jr., J. R. Kelly, R. W. Sommer and D. J. DiCarlo,
Flight Investigation of VIOL Control and Display Concept

for Performing Decelerating Approsches to en TInstrurment ,
Hover, NASA TN D-0610d, Feb. 1971. .

Mlen, R. W., W. F. Clement, and H. R. Jex, Research on Display
Scanning, Sampling, and Reconstruction Using Se arate Main
and Secondary Tracking Tasks, NASA CR-1569, July 1970.

Mcduer, D. T., D. Greham, E. Krendel and ¥. Reise'her, Jr., Human
Pilot Dynamics in Compensatory Systems, AFFDY,~1R-65-15,,
July 1965. ‘

McRuer, D. T., D. Graham ¢ 1 E. S. Krendel, "Manual Control of
Single-Loop Systems: Part I, and Manual Control of Single-
Loop Sys.ems: Part II," J. Franklin Inst., Vol. 283, No. 1,
Jan. 1967, and No. 2, Feb. 1967.

McRuer, D. T.. H. R. To "A Review of Quasi-Linear Pilot Models,"
Trons TFEL, Vol. HFE-8, No. 3, Sept. 1967, pp. 2%1-249.

TR 184-2 106



. 15‘

}

k4,

"15.

16.

17.

18.
19.
!

20,

21,

32,

i
I | . ) .
McRuer, D. T. and D. H. Weir, "Theory of Manual Vehicular Control,"
‘Trens, IEEE, Vol. MMS-10, No. b, 'Dec. 1969, pp. 257-291, also
. . Ergonomics, Vol. 12, No. 4%, 1969, pp. 599-623.

levison, W. H. ard J. I. Elkind, Studies of Multiverisble Manu.l
Control Swstems: Two-Axis Compensatory Sysciems with
Separated Displays, and Controls, NASA CR-875, Oct. 1967.
I

Wingrove, R. C. and ¥. G. Edwards, "Measurement bf Pilot Describing
' Functions from Flight Test Data with an Example from
Gemini X," IEEE Trans. MMS-<G,: No. 3, Sept. 1968, pp. L9-55.

Bg‘rgeﬂ, A. R., "On the Statistical Design of Linear Random Sampling
Systems," Automatic and Remote Control (Proc. 1st International
Cong. IFAC), J. F. Coales, et al, eds., Washington, D. C.,
Butterworth, 1961, pp.:430-436, :

I
Levison, W, H., and J. I. Elkiné, ¢ vdies of Multivariable Manual
i Control Systems: Four~Axir ~jensatory Systems with Separated

Disnlave and Controls, Bol* ecranek and Newman, Inc., Rept.
. No. '.935, 1%} March 1969.

! .

Clement, W. F., Randos Sampling Remnant Theory Ap lied to Manual
o t  Conmtrol, Systems Teghnology, Inc., Teq Memorandum 103-A,

March 1969.

Jex, H. R., R. W. Allen and R. E. Magdaleno, Disnlay Format Effects
on Precision Tracking Performance, Describing Functions, and
Remnant, Systems Technology, Inc., Tech. Rept. 191-1, 1971.

Allen, R. Wade and Henry R. Jex, "A 8imple Fourier Analysis Technique
* for Measuring the Dynamic Response of Manual Control 3ystems,"
' Sixth Annual Conference on Manual Control, Air Force Tnstitute
of Technology, Wright-Patterson Air Force Base, Ohioc, April
1970, pp. 785-801.

Klein, 'R, H. and H. R. Jex, An Eyer-Point-of=Regard System for Use
in Scanning apd Display Research, Systems Technology, Inc.,

Pa}l)er 99, Sept. 1970, .

Clement, W. F., Successive Aprroximations ta a Model for Re nent in
Visual Tracking Tasks with Continwous Visusl Atteution on a
' Single Display, Systems Technology, Inc., WP 1058, May 1970.

1

23, Knowles, W. B., "Operator Loading Tasks', Human Factors, Vol. 5, 1963,
ppo 163“168-.

2k, 'Jex, H. R., "Two Applications of the Critical Instability lask to
Secondary Workload Researci”, IEEE Yrens., Vol. HFE-8, Ho. 4,
De:. 1967, pp. 279-282.

25. McDoonell, J. D., Pilot leting T:chniq.cs for the Estimatiop sn’
Evelvetion of Herdling Qualities, AFFDL-TR-GE-T6, De . 1968.

Th 18 -0 o



26.

27.

28.

3.

33.

h.

35,

T 18%-2

Birmingham, H. P., and F. V. Taylor, A Human Engineering Approach to
the Design of Man-Operated Continuous Control Systems, Naval
Regearch Leb., Rept. 4333, 7 April 1954,

Dougherty, D. J., J. H. Emery, and J. G. Curtin, Comparison of
Perceptual Work Load in Flying Standard Instrumentation and

the Contact Analog Vertical Dis , Bell Helicopter Co.
JANAIR Tech. Rept. No. D225~521-019, Dec. 1964.

Winblade, R, L., Current Research on Advanced Cockpit Display Systems,
NATO, AGARD Rept. 491, Oct. 1906k,

Magdsleno, R. E., "Serial Segments Metho. for Measuring Remnant”,
Presented at the 7th Annual University Conference on Manual
Control, June 1971, A3R 3P forthcoming.

McRuer, D. T., and etal., New Approaches to Humsn-Pilot/Vchicle Dynamic
Analysie, AFFDL-TR-67-150, Feb. 1968,

McDonnell, J. D., and H. R. Jex, A "Critical" Tracking»Task for Man-

L mnat A

Part I1. Experimental Effects of System Input Spectra Control
Stick Stiffness, and Controlled Element Order, NASA CR-0OT4,
Jan. 19b7.

Levison, W, H., S. Baron and D. L. Kleinman, "A Model for Human Controller
Remnant," Trans. IZEE, Vol. MMS-10, No. 4, Dec. 1969, pp. 101-108.

Jex, H. R., and R. E. Magdaleno, "Corroborative Data on Normalization of

Human Operator Remnant,” Trans. IEEE, Vol. MM3-10, No. k&,
Dec. 1969’ ppo 137"'11‘0.

Weir, D. H., R. H. Klein, and D. T. McRuer, Principles for the Design
of Advanced Flight Director Systems Based oa the Theory of
Manual Control Displays, NASA CR-1745, March 1.

Anderson, R. 0., "Application of Pilot Models to Diasplay Design; Some

Basic Experiments", Fifth Annual NASA--University Conference on
Manual Co.trol, NASA 8P-215, Marzh 21-29, 1955, pp. 055-050.

108



GLOSSARY CF SOME TECHNICAL TERMS
USED IN THIS REPORT

Axis /Axes) of (ontrol - The manipulated varisble(s) or control variable(e)

acted upon by the controller in a tracking task; the control
point(e) in a system.

Coherent Error Spectrum - The power spectral density of that portion of an
error slgnel which is correlated with the forcing function or
command input to the system.

Controlled Element - That part of a system to be controll~rd whose parameters
are usuelly unalterable by the display designer; the "pla.t".

Controller - That part of a system which implements a control law,

Critical Tracking Task - When the rate of divergence of an unstable controlled
element is gredually increesed until control is lost on the sub-
critical tracking task, the task is said to be at its "eritical”
1imit of divergence, or "critical", for brevity.

Cross-Adaptive (Suberitical) Tracking Task - A subcriticel tracking task
which inclvdes means to meagsure functions of one or more variables
in a separa‘e but simultaneous task and which uses such measure-
ments to adjust the rate of divergence of the suberitical controlled
element; also called cross-coupled suberitical task.

Crossover Freaquency, &, - The frequency at which the decireasing amplitude of
the open-loop frequency response becomes equal to unity with
increasing frequency. The name "crossover" derives from the
connotation that the desirsbly large but decreasing amplitude of
the open-loop frequency response "ecrosses over' unity to very
small values at this frequency. The characteristics of the open-
loop frequency response in the neighborhood of the erossover
frequency are of fundamental importance in the analysis of
closed-loop manual «=a3 well as automatice=econtrol tasks.

Crossover Model - An approximate representation of the open-loop fre( ency
reaponse which is valid in the neighborhood of the crossover
frequency.

Describing Function - An operationsl (mathematical) description of that part
of a non-linear cnntroller's output which is linearly correlated
with the input to the controller.

Display Content - The specific elements of display which are actually present
and vhich are roquired for guidance sad control of a task or are
required for monitoring Lask performance and decinion=-making.

Display Format - The symbolic code by which each member of the diaplay conteut
can be identified,
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Display Ratings - Subjective pilot opinion ratings of a manuel control
display based on psychometric scales of "controlletility

and precision," "status utility," "clutter," asd "et:entional
demend" .

Dither - In the context of tracking control, a voluntary quivering of
the manipulator by the pilot at 1 to 3 Hz. (Cf. Tremor.)

Dwell Fraction, Effective - The foveal dwell fraction increased by the
cumulative effect of parafoveal perception.

Dwell Fraction, Foveel - The proportion of all available time spent
looking nt a yarticular object of fixation; probability
of fixatlon.

Dwell Interval - The time duration of a particuler foveal fixation.

Effective Low Frequency Phase Coeff.nlent, @ = The effective low frequency
phase coefflcient in the extended cressover model represents
the influence near the crossover frequency of very low frequency
lead-lag dynamlcs with emplitude ratio break points which are
beLow the meagurement bandwidth in many experiments.

EZfective Time Delay, T, - The algebraic aum of the pure reaction transport
delay and high frequency neurcmuscular dynamics, equalization
characteristics, and (sometimes) controlled element dynamics
vhich are sufficiently high in relation to the unit-amplitude
crossover frequerncy that each contribution can be represented
by a purz del sy near the crossover {requency.

Elements of Displey = Forcing Functions or Comaand-Inpat Signals, 1
Contr:.iled Element State Variables or
Output Motion Signals, m
Error Signals, e = (1 = m)
References or Background

Ensemble Averags Value ~ The arithmetic mean of a collection of discrete
numerical values.

Equalization ~ Purposeful alteration of an open=loop frequency respon~= to
achieve the best compromise (in the crossover freouency region)
between high gain over the input bandwidth and low gain beyond
the input bandwid.h.

Equaljzatior. Remnant - A form of remnant attributable to the generation of
low=frequency lead equalization by the human operator.

Error Coherence =~ The ratio of the mean-squared inputecorrelated error
power to the total mean~squared error power. It is the com-
plement of relative remnant referred to the error.

Fnedback Oelectlon - The technique of eq&nlization vhereby " inner" loops

which are subgldiary to the "outer" or task loopa are intro-
duced.
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Feed sForward Control « A control law specified in teyms of culy foreing
functicns or command-input signels; pursuit control.

Fovesl Perception - "Seeing whers you are looking seeing thet upon which
ore 1s fixating; or seeing the dbjuct of the) eye-point-of-
regexd {EPE).

Gain - The low or high frequency ssymptotlc emplitude of & frequency respcise
to an input; {f unqualified, uvsually means low frequency esymptote
except in the case of a washout.

Loop Gain -~ The low orhigh frequsncy asymptotic amplitude of an open-lcop
frequency resporse; if unqualified, vsuelly means low freguency
aaymptute .

Incoherent Error Spectrum - The rower spectral density of that portion of
an error signel which is uncorrelated with the forecing function
or command input to the systenm; the frequency distribution of
uncorrelated error povar.

Injected Error-Remnant 3ource - When mean-squared values of signals within
control loops are of prime interest, the remnant can be natisfac-
torily represented by s signal source having a specified pover
spectral density injected intec the closed-loop system. When
considered as an injected signal, the polnt of application of
the remnant can be transferred from the pilot's output to the
pllot's input or error signal as long as nc nonliinear elements
are pagsed in the procees of transfer,al. At low frequencies
the remnent data for s wide variety of controlied elements coalesce
best when all of the remnant is injected at the pilot's input
cr error signal. (Cf. Observation Remnant.)

Tetegrated Display ~ A complete combined, connected or collective presenta-
tion to the pilot of the proper signals for ccatrolling as well
as monitoring the perfermsnce of a task. The adjective "proper"
applies to equaelization, scaling, rodification, and consonance
in ways hypothesized by the theory of manual control dleplays.

Ivterrupt Fraction - The complement of the dwell fraction.

Link Values - {Transitior Link Frobebilities) - The proporvion of the number
of all possible fixation transitions which occur vetweer pai.s
of cbjects of fixation; link values may be one-way (in cne
directt~n) or two-way ?the sum of both one-way valuea between
a pair of objects.)

Look Fracticn « The proporition of the munber of sll pussible fixations wnich
are directed wo 1 partieular ovject.

Loop losure (or Feedbacik Control Loop) - A conirol Liw specified in terms
of controlled element state variables or output rotion signals,
which ere compared with input gignsls in such a way that the
difference sigual can b2 vaed ru the controllsr; compensatory
control.
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Locp Gein = The low or high frequency asymptotic enplitude of an open-loop
: frequency response; if unqualified, usually neans low frequency
! esymptote.

Gain - The lovw or high frequency asymptotic arplitude of a frequency response
to an input; 1f unqualified, ususlly neans low frequency asymptote
except in the cese of a washout.

Theory of Manual Control Displeys = A verbal-analyticel theory for predicting
the dlspleyed variables, controller behavior and control technique,
and meesures of performance and workloed for pilots of manuelly
controlieu vehicles., The theory is based on the notion that
display design is fundamentally e guidance and contrel r»roblem
vhich has interactions with our knowledge of human psychomotor
activity.

Cboervation Remnaat -~ Noise caused by poor coupling between the displayed
signal and the eye. Observetion remnant includes scarning
remnent in muitidisplay control tasks. (Cf. Injected Error-
Remnant . )

Parafovesl Perception - "Sezeing without looking"; seeing that upon which
one is not fixating; or seeing that which is outside the eye-
point=of-regard (EPR).

Yower Spectral Density -~ The frequency distribution of the square of the
amplitude of (a) the (complex) Fourler coefficients of a
pericdic function or (b) the Fourier transform (if it exists)
of & non-periodic function. The power spectral density of &
random process is the mathematical expectation of the power
spectral densities of the individual functions coxmprising the
process.

Quasi-Linear Pilot Model ~ A verbalesnalytical describing function of a
class of human pilot behavior with remnant.

Reaction Time Deley - A pure tramsport delay due to sensor excitation

(the retine in the visual mecdslity; the semicircular canals

and utricles in the vestibular modality, for examples), nerve
! conduction, computatioral lags, and other processing activities
in the central nervous system. It is closely related to, but
not ldentical with certain kinds of clessical reaction tinmes.

Reconstruction (from the Sampled-Data) - The extrapolation of & contlnuous
signel from discontinuous observations or samples of data.

Relative Remnant (referred to the Erior) - The ratio of the rean-gquared
uncorrelated error power to the total meen-sguared error power.
It is the complement of the error cohererce. If so lesign ted,
relative remnsnt can also be referred to a control voint,

Remnent - That pact of a non<lipesar controller's output wh':h is not linearly
eorrelated it the input to the conlroller.
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Remnant Error Spectrum - The power spectral density of an injected error-
rempant gource.

injected Error-Remmant Source -~ When mean-squared values of signals within
control loops are of prime interest, the remnant can be satisfac=-
torily represented by a signal source having a specified power
spectral density injected into the ciosed-loop system. When
considered a3 an injected signal, the point of application of
the remnant can be traasferred from the pilot's output to the
pilot's input or error signal as long as no nonlinear elements
are peased in the process of transferral. At low frequencies
the remnant date for a wide variety of controlled elements coalesce
test when all of the remnant is Injected at che pilot's input
or error signal. (cf. Observation Remnant)

Saccade - The quick movement of the eye by which the gaze is transferred
from one fixation voint to anovther.

Sampled Data System « A system in which at least one signal is observed
discontinuously at random or systematically.

Scenning Interval (Look Intervel) - The elapsed time between the stert of
successive foveal fixstions on a particular object.

Scanning Rempant - A form of remnant attributable to foveal scanning by the
human operator.

Separated Displays - / miltipartite collection or arrangement of distinct
individual or disparate displuys or instruments havirg at lesst
8 task or controlled element in common.

Subcritical Tracking Task - An unstable controlled element which can be
stabilized by a loop closure.

Syxbol Density - The relative proportion of the total displayed field of
view which is occupled by members of the symbolic format
exclusive of the background element.

System - A collection of interconnected physical devices or mathematical
operations.

Tremor - In “he context of tracking control, the involuntary cuivering of
the manipulator contributed by the neuromuscular system at
10 to 15 Hz. (Cf. Dither.)

Washout - A dynemic frequency response function having no response whatso-
ever to a static input.

Weber-Law Errors - Deviations from the linearity of stimulus-response
relationships in accord with the Weber-Fechner law. The law
asserts that equal increments of sensation are associat.d
with equal inerements of the logarithm of the stimulus.

Zero-Order Hold ~ A type of continuous signal re.-ngtruction from gamrles

of data whereby the value of each observation is held coustant
wntil the next sample is teken.
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A theory of Aisplays, togetier with valilated techniques for emalysing cloced-loop pilot-vehicla dy-

m ggeﬂc.mmm,“m@m mmago proceduce for ixproving the guldonce end control displey design
. is notica that. 4isplay dss is fundament 44 ontrol
predlon vhich has ‘uteracticns with cur knowleige of Zuzsn myeigmor mttﬂty?‘w ® guidunce and contro

In ontlining the prireiples of this enalytic sgrroach <o display design, we review the inspirstions for
sye novement stvdies in flight control snd mmitoring tesks end susmarize ths relationship of eys scanning
phenmming to pllct dssoribing fmctions spd remrsnt. Boveral measures cf pilot vorklesd in control tesks
sro diycussed. Ooo megsure, in particular, has grest preziso in quantifying a practical definititn of worke
load, This 1s excees ccatrol capecily. I 19 & oejor vworklead connector with pilet opinion rating d
vhole-task effuctive time &71ay. Ve conclude by {llustrating the further connections with lesd squalisation,

scexning vorklosd, physiological mearures of ueurcsuscplar tansion, snd the effects of additicoal nodalitics
¢a visual vorkloed,

INTAOTUCTION

The design of guidonce aud control dlsplays which properly interfoce with the pilot and tiv coatred
systes of o nav alroraft or spacscraft is often based on intuition and traditics backed by & qualitativo
understaniing o the potentisliy useful control inforestion. ZXostrument arrangesents, intsgrsteld displey
formats, &0 flight dircotor systoms are selected using this background and experienca end ave then sude
Jacted to axhaustive and often expensive developmont and cowperiscn in simulstors end, ultimetely, 4o £2igh%.
The simulation process usually revesls shortcomings in the preconceivsd Aisplay systons vhich are overcoss
by progrevsive nodification, retecting, recvalustion and resssausment. This procedurs is ofier vimes
tonsuatng exd costly. Unti) recently, however, it Las Lzen ertirely nicesoary for nelection of the bust
compromise displey systex.

A theome Lo suidsncs enk coatroi dispiaye {0.g. Ref, 1 and 27 together with valideted tachniques for
analyzing cloged~loop pilot-vehinle dynsaic performsnce (e.g., Ref. 3 and &) now provides the means for
considursdly irproving the Aisplay design process. A first step in the application of the thedry is to
translate the verbally undsrstood purposes of a guidsnce and control display systen into zore spscific
ergiooering tarme. For the display designer, this first step has been most difficult. Although bhe may
agsusy that human wnrelisdility is relsied to workloed, his can only verbally quaiify worxload, because he
docs not presently have a quantifiecbls expression of the penalties essociated vith human zrrors in parfore
paroe vhich is commens.rate with the cuciqmery porformance matrics of mirsion suicesd.

FIRPOCS OF A GUIDAICE AMD CONTROL DISFIAY SYSEN

Statsd droadly, ths purpoee of a pev gaidance and control displsy systes shoald be to isprove piloted
cysten parforrance to & polnt where at lewst a sudset
¢r even the vhole set of mission requirepeuts can be
satiofied. In system ongineering terme, the improve~
Eeut of performance implies greater frequeacy bdand-
widths and correspondingly reduced closed-loop syutenm
lags and errcrs in following comands. Xt algo ixplies
improved suppression of the effects of extarnal distuse
bances. In terms ~f pilot behavior the improvemont of
performancy implics reduced effectiv: tims delay;
reduced pilot-induced noise insertion (unvented control
action); increased alloiable range of pllot-gain vase
{ation consistent with closed-1oop syeten stedility;
and reduced workload to a %evel where hu is efficiently
and gainfully occupied, yet sble to cope to a pro-
scribed dogree vith the unexpectrd.

Yor example, the pro!otype Zero Reader@ﬂight
director, iike its counterpart, the automatic pilot,
inspired ewe rather than confiience in profescional
pilots, because it failec %o &isplay the confidence-
inspiring situation or st.itus information to vhich
pilots have alvays been accugtomed. Bir=e the p.lot
still went to his separate displays for stetus infor-
mation, use of the prototype flight director for
guidance and control seemed to be av extra task. Msny
experiments (Ref. 5-8) have proved that the conteaporary
fntegrated flight director can wpd does improve over=-all
systsm yperformance. However, even without significent
porformance Lmprovement (scustimes ai’ficult to messure
experimentally) the flight director systen should al-
vays make the pilot's job easier. That s, 1t should
reduce his wvorkload from that required to yorfora the
tesk us‘ug normal cockpit ir trumentatica. Tais ip-
eludes hoch the scanning worklosd and the perceptual
vorklced required, e.g., for ptlot guenwration of low
Pioure 1. Yypicad Eye Fimstion Jransition Link froquency squalizstion. The result of such reductlcwo
Yeotors sod Dvell Fractioss leesured fn Stendated 1s lwproved prlot rating vhrough iacressed coofidence
Jet Fyepaport Irstossent Aywocaches (5 the dizplay sod increased racus8 cuatrol capnanity
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for coping vith uaxpested worklosd,

An exswpda of the reduction i scwming worklosd {exesplificd by transition 1tk yeciors to sod from
&5 dwell fraction ca the Eoriscotal 2ituatica Initcator/Nlide Slope m.nug (531/03D) J cotained with a
fUAS lrecior preseut.tion sen be found in Maf, 6, Pigwme 1 (frca Ref. 6; s incluled Lore to shoy i
changss o scaoning varkload ($he fraction of total tim opeut on ench instruzant is {nficetzd thersca) 15
golug frox a mazual I'S ¢ask ($op fisure) to & flight dlrecter configurstion {Jover figurs). Tode coovene
ticanl 2light dlrector otafiguretica vas alse wod ia prelisingry simalation stviiles pariommnd at U721
utilisieg the resulits of the adwimoed Llight directer dasign progrsa of Ref. 9. In the ofvanced director
systen Corived Srom thy stily, m pilot lsad oqualizeticn (s prediocted, and xeasured iz the sizalator by
14 H/e;oam(m?il/;“w'; toe Coopor. Bomsa] ek taprovet eaiten %y foramics

9 ? 3 «@ ! besneL: rforRenos
2o varicus irpats es indicited 4n Mg, €. glitealops olloving pe

O Mvanced Direcbor K3 Beas Error from 0lile Bloge
Ooavautionnl Direobor 9 g L 6 8__ i
Ho T1ight Dircotor RS b N AN SRS Nt S Ay Sl ]
2ype o8 Pl ' 0__ 8 30 15 20 83 3044
Bandon Vertioel Gt (vg)) Oy, = 35 o/aes (1.7 w/a) L e | ap .
Deex Sosmand (2,) . g = 163 2% (5,03 m) R o »
¥o Xryut; Pilot Kade Intautiopal 10+%t(4.15.6/s)
Bpaed Changna 9] L
Reedvird Stasy 15 Xt/10 ses {7.72 »/s/10 ecc) 0] a e
Step Torticad Gust 10 ft/sec (3.07 u/s) o] a 4

Vigure 2. Simuleted 01ids Slope Resa-Yolloving Po.formancs Under Meaual Comdrcd with Vacious Toputs.

Hith regard to ite impact on closed-loop oystem performsuca, &od pilet vorkiowd, s good flight dirsctor
systom 18 corpetitive vith so autosatio flight control system. In fact, for epproach 12 CA? I and JI come
6itions flight dicectors offer lees weignt, velame, ani pover penaities and ars gove roiiuble end less cusily
ot a Ziven level of redundancy then thuir sutometic equivalonts. Alsv, Plight director sysieam perforsance
can be zesaly squal to that of sutomstic eystems for bsem comumd followisg and disturbauce suppresglon.
Por sertain ovher fopute, such aa overflights, the flight dlnctor/plm oystea yerforzanie muy de superior
to that of e fully sutcastic system. Furthsrmom, thie flight director permiss better utiilsation of the
pilot wi cepilut in their normul roles o active ccutroliers and monitors of the situation. In tile way
they axe kedi in the loop in 2ese of atrcraft or system fellures. However, sssundng aa outomatic flight
cortrol systea 8 iratalled and used, an additional purpese of the flight dircctor is tc provide un overall
aonitor on the sutoaxatic system’s yerformance toth to instill ¢ ..idence in the pilot szd to yerndt hia to
teds over in cese of systen malfunction.

The extent to vhich tta shuwe purpuses are nctually sccoxplinhed defines ths “goodness” of sa irtegrated
flight dircctor system es an axssple of o gutdancs ach control &laplay. Having exprescéd tha purposes of
displey design in oyetems engineering terms, wu cud apply an snalytical design spprodch ‘such ss that {Urs-
trated in Mefs. 2, D apd 10, In vhat follovs, we shall only bo eble to sumssrize tha principles of this'
sgpronch to diepley lesign. By meams of this aunlytical approach we cun achieve a antitative understiend-
irg of the ipterscti.as among the pulot, the display system and the wohigle. Putting sh’iy understanding to
work w51} then cshiovo direct and irporiant sevings in the display design eud eveluaitca process.

PRIWCIPIEN OF GUIDANZ AND COFIRCL DISFLAY LRGIGH

Display desizn, io o viaw, 1s furdesentsily part of a guidunce and control gooblem which hes {aters
sctiong with our kpowledgu of mmun psychorwtor sotivily. Our trestwent of the display-pilot-aircraty
s7sten rests on thres fundemental hypot! 2gast

1. To ascowplish guidance ar! control funotions, such es flying & des’ived track in i
prosence of Gisturbances maintaiuirg precisior contycl (as iu formations or refueling),
flyhug intorcopte or epproactis, ets., ths huvan pilot sots up e varisty of closod-loops
sbout the aireraft which, by stuelf, couid hot othervise accouplich these tesks. In
control systemo engineering torms his contrl ections aro functions of desired end actual

elreralt: motions.

2. To ¢ satisfactory these cloged-locp eystsms, coepris.ag both enimate ard iranimate com-
porssis, mart ghare certedn of the gualitetive dynaaic fsatures of "good” closud -luop
systeme of a solely lmanimate mature. As the sduptivy mesrs to accomplislh this oud,
the pilot must make up Por acy dyusmic definisncisa of the ailrcrefi by appropriate
sdjotmenta of his dynsmic proparties. (Jere the "aireraft” includes the diaplay and coutrols).

%, Thare {s a noet to tals adjustseni--in vorkload-induced stresa, in concestreticn of
piict faculties, and in reluced poteniiel for copang with tho uvepected. Thic cost
can also e traled for the cost of sutcmstic controls, In making this hrefe-olf, one
mey allocats part of the tszk t0 manual and par’ to avtomstic control.

0 apply closcd 1oop theory ooe muyt have sums sind of woiai to descrive rilot bshavior. Our modele
have evoived srom sizple single-loop, fixed dase wituvations to represent oultilodp fixed and movicg bess
scemarioe. They arv very ussiul tn predicting potentiel handling quality prodlems fo. 22v wid unexzlorel
arees @xd “or flight control eyulem/sirplacs coadinations vhich are not of (he “classi.al” vartuty. Sbey
cen nA80 be uged £0 enMuyRd A exulsin simulatica results after the fect. Tris usefulness bas increasad
ovey the yoers and §3 tuley fur mcxe comorete. Over a decele of ressscch and sypl.cativn (ses the Bidliu~
greshy 13 Saf. B), 10 borh Americe 35 Furope. »@a rosulted ia models of pilot behevicr that axe &b b
sopntioeted el ¥hdell nea be voed to traad very cosplex emmual £1ight ouatrod grodisms. loleds of pU A
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dyaieics now axist vhich can 2 used to predict:

1. Toe dioplayed variedleo amd control display casocisticns required for the teek from
the 1ikely loops closed by the pilot to cecomplish a given task (L.0., iretrumants uscd
in IR, visual cues in YIR);

2. o dyneaic dedavior roquired of 2o pilot {e.g., desoribfag functions), and hepce the
Plloting techuiques exhibited in the given tesks for fixed-base oparaticos;

3 Effects of certain motiocns on the pilot dynsatc debaviwr including cuss likely to be
utilized or igrored;

%, Clooed-locy syvtem performence;
3. Pilot ccameniny and retings;

6. Bxtess anusl countrol cspecity, i.e., measures of tesk workiosd or sdditional workload
that could be eccoxplished; preforred cosdinations of displayed variedles vhich are
caxpetible with the physical scamiing workload constraint.

7. Boan patterns (for IFR) inclwding proportions of tims spent os esch imatrument end
ink provadilities from instrussnt to instrument.

This is a vary isgressive list, but we chould pote, of course, that not every iiem cn it can be predicted
vith aqual ccrfidence, largely becsuss of the 4:ffercutes 1o the underlying empirical bascs. Consequantly,
viaile eatimates can be made for everything listed, the degres of procision in these estimates will vary.
Fonetheless, the point we wish to make 1z that all of these things can be, end have tuan, done. They are
very useful for preliminary design soslysis, for predictiop of Xey prodlems in novel situation:, for exper-
imsntal planning snd guidance, an’ lor the intarpretstios ¢£ oxperimental results.

Resarkably, the theory is, geperally speski.g, fur more sdvanced than the usual msssurements practiced
in experimirtal simulation. Thzse are norvzily based on & state of art spprecistion which is st least a
Gecale behind the eppreciation afforded by dedicated closed-loo] analys.s. Often ths only messures taven
are oystem performance «od pilot rating. Such nuoasuremsnts can at Test give only a gross smoothed-overs view.
They ase, of course, enormously useful in determining vhether a particular system is satisfectory; but they
123ve much to be desired in dstermining the causes and corrections for ifficulties excopt by #d hoc odjust-
aeots vhish may be vnduly influenced by "artificial” gimula*ion characterirtics. Ve believe that many of the
cocplexities widch devolve from the huzan pilot’s presenco are nov a propor and useful subJect of engipeering
ssailys.s. Tvis ~iew s exmply supported by the reports end papers listed in ths B{tliczrephy in Ref. &.

Wa shall now turn to a brief digcussion of some principles at the fringe or loweconfideuce eide of che
theory. %These are display saxpling and scanning, and workloed sssessxents.

IESPTRATIONG FOR EYE MOVEMEHNT *XUDIES IN PLIGHT CONTROL AND MONITORING TASXS

e xzasurcment of pilots’ eye fixations and movements about the instrument panel within the cockpit has
ttracted rosearch for cver a quarter of & century (e.g., in Ref. 10, see Ref. 67-77, 82-85, 93, and 96j.
Nt surprisingly, tae motivation for the earliest availadble results scems to have been to compare pilot
fatigus under instrumsat mles infuced vy differen.es in “scanning w.rkloed” among insiruments bat.
wesn the Standerd (circe 19%4) Army Alr Porce and Royai Alr Force imetrument peosls. To expla'n ststiatics
Ay sigoificently Aiff.sent expsrimental .esults oo the two different panel arrangements, en emdryonic
Q1gpley arrangement hypothesis wes set forth in 19%4; "Differences betwecs the time spent ca the vorious
Adstriments in the tv. panel arrsidements may be explained by the hypothesis that pilols tend to .pend amore
tixs oo the centrally located instrumsnts, ani particularly on the instrument located in the top centes
position. while not definite, thus finding suggests that listrumont pane! designs should place the mose
importent ins*rumsnt for instrument flight {n ths top center position of the panel, and the next mori impor-
ent instrument in the lower center position." (From Ref. 67 in Ref. 10)

O.ber earl,r atudies of eye movexents of flight personnel were concerned vith open-loop signal detection,
for exaapls, searching for targels on radar scopes, monitoring multi-engine performance for threshold-
eiseedence.,, and establishing minizua visual angles external to the cockpit under visual flight rules.

¥rvwever, the ingpiration for much of this eye movement work ves founded on the bulief that the cues used
by the 5ilot in gontrolling flight would be revealed by noting the (separsted) instruments upon which the
toves of the oye vas fixatiag iaside the cockpit under instrument flight rules, 8.4 by correlating the dir-
sctions of fixations external to the cockpit with significant ground-based cues ‘n landing approaches under
visual {\Mght rules. Information abuut the useful instrument flight control cues was believed to be funda-
mental to &3 underutending of the function served by flight instruments. It was expected that this
anferstund ug would, in turn, furza a basis for improving the design of aircraft instruments, increasing the
efficiengy of lustrumem flight training, and simplifying the tesk of instrument flying.

Today we are stil. working to fu'fill this expectation, because the premise on which it was founded
twenty years uge hes heen shova o be oniy a partial truth for several reasons. Pllots develop an ability
to operete effectively on parafoverlly and periphe perceived information (Ref. 1), albeit with scme
Lsattatsone (Ref. .2), and, of cours:, on reinforcing (1.6., nonconflicting) motion aca sural cues. Furthe:,
thu.e is c.asidersdle indirect evidence (e.g., Ref. 13) that in "stare mode" circumsisuces fixirg the eye-
point-of-regard serves serely lo stabilite the eysball for good parafoveal viewing, so that the fixation
point may be uncounected with the in‘ormation actually used, or even perceived, by the pilot. We cannot eay
that vhat s being fixated necessarily corresponds to en input.

e fnopiraticn for the carliest pllots' eye movement studies--that scan patturns might be useful for
woriload m2ueures--iau ~evived wore ivcenily in Fef. 14, Whils scer patterns are indeed relevant to worklood,
ths connsot.on is not sixple. 792 eyo requires fixation to Xeep the eyedball stadle, so there is a kind of
Perxivson‘s levw for tha cyeball--the sam of the fixation dwoll times un the instruoeents expunds or contrucls
to equal the tirs sveileble |pez.ectiug seoc Alc times), There s, of course, a ainimm dvell tice of about
0.h goo pas icstrument, s It 1a poesidle to coztrive satursted conditions where the control task demards
pllo. fixations on too sany icatruments too uften 1u order to maiatain cortrul. But the interpretation
susl nesults world often de mdigucus 17 oo is leokipg for the pilot's inputa.

25 eugly wyw movensnt stulles reforemcsd edov cousidered fisaticm e» & Dumclion of the ove.wll pilot.
irored oysten tesk, cush e leallz] erowosah; but cospletely sgart from s cotdrolled slemast &yvasdiy.
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To get ot the Sotau "pllotebility” gprodlen wu prof “sed gome years ego ihat plloteaircrsft gystem dysedc
tschniques be erolied to th display arca. Under ccordinated HASA-ARC end JAHAIR gpcuscrabip w5 hawve in the
lust four yoara daveloped, rofined, srd olodorated a ihaory (Refs. 2, 10 and 13) mplfed 4t €5 & pudar of
interesting oituaticns (Bsfe. 2, 15 sod 16), end have supported and nugmented tha theoreticsl development in
cruciel arens vith experivental efforts {(Refs. 6, 16 end 17).

E0ARNING PIEDOMIAA T0 B2 ISSCRIDED

Pagides inatrumont-to-instrumant scaps, scanning cecurs between slemants within cciized or integzrsted
syzbolic and pictorial displayc. For oxomple, sscondary fixatior trensitioms vithin ths 4voesxis attitude
director on various oyrbols, {riices acd accles have been cbserved in tha experimenta of Ref. 6. Azong
several plotorisl exazples of pllot's ecanning patterns on differert fnstrument panel srrangementia in Raf. 13,
there 45 shown an internal peticrn on au iotegrsted contect eualog display. Obvionusly, ons must spesk of a
foveal scenning pattern among “eydols” in the cacs of the comtest snalog or soxa other integrated display,
rathor than among “tnstruasnts” &5 w ehsll do0-in mog? of vhst 2oXlowse.

Furthermors, an observadles fovesl scatning pettarn may de ascoupenied by a parafoveal scanning pattsarn
of cvarenesa vhich 43 not directly cbaecrvadble by cessuring cys movemeuts. Hovever, the prezence 3f parafovesl
awareness i3 indirectly cbgervedle by its influence on the prlot's dercriding fumction.

AIW ve gkall ba spaaking primerily sbout the visual imodaiity, the pilot con alse shosse to use or
ignore motion ard eursl cuss. While this s oot quite 1iks ssxpling, ths more or less continuous use of the
vestibular or sural modality is ekin to & process of selscticn vhen these cuss reinforce the visual modality.

Thoe proporticn of the total r of fixations which fall upon » particular instrizent is called the
sversge look fracticn for that fnatrument. Its uppe: bound is one-half, which tmplies that every other fix-
otion or lock is on ¢hal ingtrument having & look frastion equal to omehelf,

he proportion of the total time during which fixetions dwell on a perticular instrusent {s called the
sverage &well frestion for that liatrumant. Bince the cuzulative sus of w1l &wsll fractions, incluling blinks
end distractions, pust equel unity, by definiticn, the &well fraction is elso tarmed "fractiunal scanaing
vorkload" or "provability of fixation."

The proportion of all fixation transitions which go in the same direction batween a peir of instruments
(arrows in Pig. 1) 1s called the "one~vay link-value” in the spocified direction. The sum of the two one-wsy
1ink~values Detwvaen a pair of instruments io called t'e "two way” link value. In 195C, new research axtended
the display arrangexent hLypothesiu of 193k to suggeat that the pattern of link valuss bstwesn insiruments is
indicative of the goodness of differont panal srrangementa. 8ince, in point of fact, e #caudling statisiics
ars juite statiovary ¢ rar measurement intervels es short as 100 sec, d{fforeni one vay link values between
ths se=2 pair o7 instramants are also indicetive of determinism in gcan patterns. The results in Ref. 6 show
00 avidence of circulatory determinism in scamning traffic. This simplification proves useful in making
predictions of scanning behavior.

RIATAXIS SCAISIIFG HODCIS FOR DESCRIBING FUKICTIOR AND REMIANT PHENCMENA ACCOMPAMYING SCANNDNG

As far s ve oan tell currently, we have not discovared a unique reiationship between observedble foveal
scanning statistics cnd the accompanying pilot's descriding function und rexmant. Insteed, we have two
different limiting forms for muutiloop pllot models in contrul tasks. In experiments in Refs. 11 and 17, the
pillot's describing function dynsxdcs 1u closing the geveral loops are not much degradec with additional time
delays because of the scan, although the pilot gains are
reduced from those that would be expected on a single-
150p basis, and the foveal input information samples are
cbtained from o finite dvell period with an average
ninimum dwell time of sbout 0.4 sec. This 1s not wvhat
one would odtain with a simple zero-order-hold sampied-
data system, so the sampling end scanning theory required
to describe the pilot's eye movements has been quite
elaborate.,

With these empiricel facts as starting points, two
1ikely mental processes have been proposed ?;af. 17),
called the "switched gain” model and the "reconstruction-
hold" model. For the switched gain process the quasi-
lipear describing functions in the several loops incur no
time delay because of the scanning ard sampling processes,
sithough the gain switching (multiplexing) from loop to
loop reduces the effective gain in each. In the recon-
struction-hold model a sampling delqy is incurred, but
ray bte largely offset by lead equalization as part of the
signal reconstruction process, which tends also to restore
part of the average loop gain lost in the sampling process.

The principal cost of ths scanning, sempling, and
reconstrretion (or svitching) behavior is an increased
"remnant." This depends on the sampling frequency, fix-
ation dwell time, and sampling frequency variations, es
well aa the signal varience. Since the hypothetical
signal reconstruction process attenuates sampling remnent,
the svitched-gain model will produce relatively more
yemnant, if other varisbles sre equal. The remnant
represents pilot control movements vhich are incoherent,
1.e., not linsarly correlated (via the describing

b)Meccured funotion) vith the externally imposed forc ng functions.
The rexnant acts like an injected noise, amd is %70 real
cauae of saturation in mlti-instrument iisplays. 8o,
Plgawe 3. Predicted szl Masaurwd Dwell Fractions as we 2aid at the outant, eessure=sut of eys fixation
st Syecaitic: Tiul Prossbilities Por Manusl IIA 13 cartainly consected with yilot foputa grd workloed
Porwwewad but the convectica 18 by po =203 pisvle.
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As 1t oov stends, the theory of sultiaxis scanning caa be used to estimate fixa'.fou sbilities and
{ostrument-to-instrument link probabilities fairly sccurately. As an example, Yig. 3 -bmmne- predictions
rade vith the recomstruction-hold version of the theory ;n.r. 10} for a landing spproach using Bowing TO7
sircraft dynamics, as compared vith uessurements (Mef. 6) made wsing the DC-8 laniing approack similator

et Ases Research Center. The resesblance is quite good, especially considering the infant state of the
thaory at tha tiwm,

This concludes a review cf the inspirations for eye movement studies in flight control snd monitoring
tasks, e description of scanning phenomena, And a summary of this relationehip to pilot descriding functions
aend remnsnt. Bafore discussing some other measures of vorklosd in control tasks, we shall sumsarisze the
procedure for appiying the multiaxis scenning models to a display design provlem and relste key steps in
the systematic procesdure to predictedble display design characteristics.

A BYSTEMATIC GUIDANCE AND CONTROL DISPLAY DESIGN PROCEIURE

The principal steps in the procedure for predicting multiaxis scanning behavior during preliminery coo-
trol Gicplay design are ordered numerically in Tedble I. The required information vhich serves as a starting
point for predicting scanning behavior is developed in step 4, The general principles of closed-loop systes
synthesis and the required analytical techniques which help to complste steps | through 4 have been described
in Refs. 1, 2, 5, 4, 10 and 18, The results of step & vill include a quantified dlock diegrem for one or
more menual control technique(s) eppropriate for the task and closed-loop frequenty responses for all of the
displayed varisbles required for controlling and monitoring the tsak {n response to all command inputs,
diaturbance inputa, and to models for remnaist. These remnant models make 3. practical to consider the cb-
sarved remnant as resultiog from equivalent injected noise yources at the pilot's perception snd coutrol
points in the mltilocp structure.

In step 9 the effective dwell fraction and scenning frequency for each required point of fixation
(1natrumant or diaplayed eymbol) are predicted in a way vhich minimizes the total error variance vector.
This prediction must be subject, of coursas, to tho time-available constraint on the cumulative fovesl dwell
fraction, vhich will be uitimately verified in step 10. Two different techniques exist for.performing stepe
5 through 10: one, based on the physicel insight efforded by classical feedback control theory, is descrided
erd applied 1n Refs. 2, 13 and 19; the other, based on optimal control theory, is descrived snd applied in
R.r. 20-

The coherence determinant in step 6 governs multiloop stability ip the mean-square sense; therefore, it
must be greater then tero. A value for the determinant vhich is much less than unity mesns thet incoherent
error pover dus to sampling rempant will be much greater than the cohsrent error pover due to imputs and
Aisturbences. If the coherence determinent approaches unity {its upper bound), the er:or pover vill becoms
increasingly coherent.

The coherence determinant dopends on the display scanuing statistice as well as the clossde=loop frequeocy
responses o models for sources of remnant. Thersfore, it is desireble to obtain the cohersnce detornipant
tn analytic form firet, so that the aversge scanning statistics can be estimated in conjunction with their
influence on scanning workload (cumulative dwell fraction) 1o step 10 and mean-squared errors in stepo 7 snd
8.

WABLZ I. PROCEDURE YOR PREDICTING MULTTAXIS SCANNING BERAVIOR ON A PRELIMINARY CONTROL DISPIAY e IoN
ETEP NUMBER AND PURPOLE PREDICTABIZ RESULTS FOR DISPLAY DESIGN ‘m ISX'I‘J L
1.  Define the Control Problem snd Task Foreing Munutions, Task and Outer-loop Variables, 2
Controlled Element Transfer Functions, 2
Performance (Error) Requirenents 8
2. Prapare a Prospectus of Control Loons | Bslected Loop Candidates ]
by Nuserator Inspection
3.  Assume Stao{lity Margin Requirements L
Lk,  Analyse lLoops Using AMaptive Feedback | Belacted Automatic and Displayed Feeddacks (Con~
Balsction Rypothesis stituent Bignals, Refsrence Oystems, anl "Quickene
ing" Equalization for Displays), rlloting
Techniques, and Descaridbing Punctions in Each Loop )
Pilot Opiniun Ratings 3
Closed-loop Responaes 1
. Compute Effsctive Diplay Bcanning Effective Dwvell Interval, Dwell Fraction, Bcanning
Bahavior vhich Minimi.es Tctal Prequency for Xach Dieplay 69
Error Vactor
¥). Compute Cohsrence Determinant and Error Coherence (Relative Remnant) 8
Test for Ressomability
1. Compute Input-Correlated Root-Bum- Coherent Systeam Rrror 8
Saquared Zrror Vector
Fl. Computs Total Root-Bue-8quared Total Byatem Brror 1
Error Yegtor and Teat Againat
Parformance Raquirements
(7. Cowpute Foveal floanning Behavior Foveal Dweil ard look Practions for Bec. Dieplay 10
10, ‘Test Cumilative floanning Workloed Potentially Saturated and Ovoreaturated Scamning "
for Baturati{on or Over-8aturation Requi remente
11, Cowpute Pigxation Probabilities am Distridution of Beamning Yorkiosd Among Displays "
Link Yalues
12, Arrenge hm‘h or Combinsd Displage.
r;., Rotablioh 1ay Bcaling snd Resolu- | Mesulting Prelimisary Dlaplay Desige
._xm.m.m_hn

-
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Bomotimea the sum of the sffactive dwell fractions will exceed unity in the
This is called oversaturation. #ore often the trial sum vill exceed (1!&), m:.::l: ?zlrm mzﬁ'&
wor¥ioed for I-mitorins, comsunicstion, m\lvl;ntion, ssarch, identification, fuel management, and supervisory
tasks. Effeciive dwell fractions, the sum'of waich spparently exceeds the scanuing wvorkloed constrainpt, can
be schieved with lower foveal dwell fractions if parafovoal percepticn of the sppropriastely displayed aiyuh
1s not 1inhitited. Reduced foveal dwell fractious and look fractions in 8tap 9 are beged on the relative
nuaber, ty7¢, contrest, and separation of symboli: eluments in the diyplayed f1314 o viev,

If the sum of foveal dwsll fractions in step 10 21111 recaine oversaturated, it mxy bs necessarvy to coe-

gtm displays, allocate more vork to automatic loops, or, in some cases, aosign tasks to -nother crev asm-
or.

"7 atep 11, the couputation of probabilities of fixatinn and syo wovement 1ink values follovs tie aaar
pro udure ss 1o already documented {n Tables 19 and 20, p. 13%-1%8 of Ref. 10.

Tn atep 12, ore should be guided by loglcal dlsplay-control asascintions and the D1 Arrsnge
Byvothesis in l’hf. 10, p. €2. L ' splay Ar s

Fiually, in step 13 ons may vetablish the display scaling and resolution by folloving the rationale set
forth on p. 60 of Ref. 2.

This conoluden e sumoary of the procedure for determining averege multisxis scenving dehavior on s pre-
limivary display desigu. In view of the experience which we have with ite application to five different
sircraft to dats, ve have high confidence of its value in display prodblem-solving as vell as preliminary
design. Let us nov finally discuss e~me modols for quantifying pilot vorklosd in control tasis.

PILOT WORKTOAD MODE™S

fSomeone has observed that one of the prerequisites for ccnducting resesrch in any discipline should be
& sct of accepted definitions. For example, in the "hardwere world" such terms as reliebility, failure,
WIBY, and performance measure ent hsve acquired disciplined meaning. Yet no such established glossary of
terca exists for analysis of }.wan relisability, wvorkload, or performance. In practice many 'messuremeots ¢
gygtem error in human factors studies fail to distinguish sdaptive properties of human behavior, hecause
evrn & slwple messure of workload such as mean-square control activity, vhich {s sensitive to sdaptive
behavior, 1s not ineluded. In the spirit of offering a more general definition of workloed which can be
measured and predicted, we suggest that the abilitx !ot capacity) to accomplis. sdditional (expected or
unexpected) tesks js a suitable definition of workioad. For example, the pilot opinion rating scale satis-
fie~ this dofinition up to its "uncontrollable" 1imit point. The fractional scanning workload slso sat{sfies
this def{nition ss long as there exists & margin vhich can be reliably traded for additional tesks. Purther-
nore, « nuzber of suxiliary tesks, the decrements in scores on vhich, from the unloaded itate, give an index
of the demand of the primary tesx, will also satisfy this definition of workload. Howvever, ooe particuler
mosaure has, at the moment, very great promise in integrating many of the measurcs into ope basic coutext,
This Is exceas rontrol capacity, the major connector vith pilot rating and main task effective time delay.
Prom this, we rhall then develop the further connectvions with scanning workload, physiological messures of
obeuromuscu:lar tecsion, and the effects of additional modalities.

Pilot fating and Excess Control Capacity

Baveral scales for use in handling quality ratings exist) the most widely used, the Cooper Bcale, con-
tains ten wrobably unequal divisions. In spite of its tan subdivisions, it {s probadly fair to say that the
Cooper Bcrle deliberately emphasizes three categories of increasing workload. The category boundaries sre
batween satisnfactory for normal operation and scceptsble for emergency operation (a nuxcrical 5.9), and
betveen the emmrgency cperation category and unacceptable (a numerical 6.5). Its limit point of 10 iwplies
that the pllot hed no excess control capacity--even for survivall The considerable pilot ratins data avail-
able in Ref. 21 for the estimation of handling qualities ind{cate that, vhere closed-loop conmpensatory
trecking is the task, the pilot's increments in rating are indead based on the relative difficulty with which
be obtairas and maintains the spocified parformance.

The noticn that among the causal fectors of pilot rating are the pilot's attempts to naintein performance
Ly working to control in spite of the increasing difficulty wes further supported by sn experiment wvhich
moasured s parameter uniquely related to excese control capacity (Ref. 21). A secondary suberitical tracking
task vas used %o "1osd" the pilot wo that his performance on the primary task began to deteriornte, A dlock
di=arem of those tesks is showvm in Fig. U. The difficulty of the secondary task vas made proportional to
vrliury task performence, Thus “hen the pllot vea keeping primary task error performance less than a . riter-
fon value, the secondary task difficulty vas automatic-
ally increased by increasing the rate of divergence of
the stcondary instabllity. Converscly, vhon the pllot

o - ) o s Ye vas 90 busy vith the secondary trak that prisary error
=% ] Pito! 4 1o be —e- was larger ‘han the criterion value, the seconliary tank
_T Yoo Evoluoted | 8(Pitch) ascfioulty sutomatically decrimsed, The finsl station-

ary level of secondary difficulty was determined by
¢ | 3, [y ¢ (Roll} the sensitivity of the primary task performance to

b Phiot o Crecondery] loading. The final "score”™ is )y, the otationary value
d o4 aA/(s-)) of the secondary unatadie pole (1) in redfece. e
scoies obtailned from this crossecoupled sccondary task
represent its degree of dlfﬂcultyl conscquently, they
| also represent the "degree of ease” of the primary tesk

or the excess control capscity svailedle vith respect

) to the primary task.

'90 '-67‘ - T™he achlievement of the eritice) Yiniting score in
+ the crosa-coupled arcondary tesk indicetes s condition
(’ of manimm svallable excess romirol capacily. Ve apesh
M of the secondery task ms a “criticsl” task in this 1imit.
¢ ing esee. Tha critical task provides & Sivergent con
7gure k. fOingle-locp Primary Taek trolled element of a form that tightly constraine te

Loed x aliovedblis pilot equalization near the reglon of gain
vith Benomiary Crose-Ceupled Tng T orononr.’ ™is property of the eritical taeXx lewves
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the pilot's effective Line delay, T,

a8 the sole determinant of system rtebil-
10 08 06 04 02 O 1-(Ag/A¢) Aftentional ity. Wnhen th: :I:vmbc: l:’:rdu:ur
| Worklood

‘ increased until contrel ig lcst on the

l ' ' ' divergence, this "oritical® dive
0 a2 or 06 08 10 Ay/A¢ 4 Excess Control Sy comt:nt 18 a messure of v.f‘(':.c;.a
[} | Copacity Thus eny activity by the pilot vhich
Qemonds an incresse in Tg 0D the vho
I~ Day to Day Ronge of Ac, tasl. san be expected to prevent him from
The Criticol,Limiting Score  schleving his critical limiting score
ol on the c:on-couphd secondary tesk. We
. shall return to pertition v, for thse ’
Controlied Elements vhole tesk after 1uuatut1:¢ some
o 3 O K/ Tesults vhich we have cbtained vith the
o . cerosa-coupied subcriticel task,
E 41 + K/t 2(.7)(7.8)!’(7.9)']» Becondary acores cbtainéd for s
s KI[l"Z(J)(IG)I*(lS?'] variety of primary controlied elements .
Bl are presented in Ref. 21. Piguroc 5 shows
&8 K/s(s+2) hov the scores for the best gain config-
6 & K/s(s+4) urations of esch controlled element com-
AK/(*'I pare with the Cooper ratings.: The
s(s+l) agreement is extromely good. Even the
T 0 K/ subcritical tesk itself in the role of
the primery tesk, vhich has been a
8}~ @ K/(s-2) notable culprit {n other correlations,
sesms to be corrélated inearly with the
J i | | | | other data. In Pig. % a score ), » O
9 s
O I 2 3 4 8 ¢ 7T corresponds to 100 percefit of the

pilot's attention being devoted to the
Ay {rod/sec) primary task or no excess contiol
capacity, vhereas a limfting score
(Mg = 5.5) means thet no attention s
required to meintain primary “ask per-
formance or that 100 percent excess
control capacity {s available.

1. our first spplication of the cross-coupled secondary subcriticel tasgk for display evaluation, secondsry
8c0i03 have been recently obtained for JANAIR (Ref, 22) using severa) integrated display configurations shown
in Pig 6. The yprivary task was longitudinal station-keeping vith simulated helicopter dynamics in a form.-—
tion spproach using a cathode ray display. The primery controlled slement remained the same througaout the
tests. In e4d1tion the pilot stbjects were required to maintain the mimd altitude by regulating sgasinet
disturbances with the colleotive 1ift control veing the altitude and vertical speed dlsplays. The secondary
subcritical task vas employed as the controlled element for motions in roll ettitude presented on the arti-
ficisl horizon and wves cross-coupled to longitudinal separation error on the primary tesk. The pilot sudjects
were saked 10 naintain as level s roll attitule ss possidle vhile trying to maintain the sseigned altftude

and to mimimiza their longitudinal separatisn error in folloving the quasi-randca velocily fluctiations of the
leoder of ¢the formation,

The secondary scores 80 cutained are shown in Pig. 7 as n function of the prim. - digplay forant. Motice
the tondency of measured excess control capacity Lo incresse, If cxplicit rate information (8 4 R) is com-
bined with a digplay of the "state” (8) of attitude and the tauk error. Both cyc=potnt-of recard messurcments
and pllot commente confirmed that in uaing the "stateeanderste” (8 ¢+ R) fornat the subjccts wvere not monitor-
ing the airspesd indicator as much as vith the "stete” (3) fornat. Hence, we may Infur that this measured

CATHODE RAY DISPIAY
]
Alt.:::do (n) Atrepeed
Yertical . Indicator
Opees (f) -
\ Artificial Norlaon
4 :
(o] RAY B[?PMY PORMATS

Positton | Yeroetny
' Rrror Rrror

Figure 5. Bubjective Pilot Rating Verous Pirst-Ocder Cross-Coupled
Inatability Bcore

Sute snd Rate Nigtt Prector
B »

Forsat D fe stailar o FD without Lhe poellion error sywbol
Tigure 6. Integrated Dieplay Arrsngemest Vith Rxasples of Pormat Teated for Buecss Crmirol Capaciny
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incresse in excess ccntrol capacity is attributable to
& decrease 1in the monitoring worklosd maryin, becsuse
the subjects’' effective time delays 414 nrt decresss
in using the 8 ¢+ R format. The excess coptrol capacity
measurement in Fig. 7 exhibits a furtber increment, 1f
only a director command (D) having the proper lead
equalization timh constant (Ty, » 1.5 cec) is displayeu
vith attitude infprmation. This measured incresss in
excess control cepecity may be attributed to s dscrease
in the vhole-task effective time Aelsy. When the
confidence-ipapiring task error display is integrated
vith the flight director display (”D) having the propsr
lead equalization (Ty, = 1.9 sec), the measured excess
control capacity tends to {ncresse sven more. This

" application of u seconlary task has an excellest

potential of beccaing an objective measure of worklosd
in multiaxis display control tasks by using s weighted
quadratic sum of primary task errors to regula‘s the
secondary Iinatability.

Excess Control Capacity and Whole Task Effective Time
| Delay

The effective time dclay for continuous attention
on any ‘tesk can be partitioncd as follows:

proportional Yov-frequency
Te = '°( control ) + o7 (Lud generation
!
muromulcuhr)
tension

Thess are the principal cowponents for sffective time

. delay in & fixed-base single-axie eituation. Zach of
the incremental components, ATy and Ate, can themselves
be considered as demanding an Incremepntal vorkload
change. The ATy has in the past been considered s
cauge of perceptual worklosd. A plot of 1/vq versus
tho order of lead equalizetio's ts shovn in Fig. 8. The
1+ 15 component vhich is relatd principally to neuro-
muscular tension 1s accordisgly itself one of the best
workload sskociations with physioclogical moasures.,
Yigure 9 shows that the average effective time delay
,decrcases as averags ne ‘romuscular teosion icresses.

!

Multiaxis .--alng can also induce signiffcant
sdditions to . effective time delays needed to

accomplish the entire task. To the extend that the net
time delay increment due to scan is a predoainsnt scen-
ining effect, the scanning workload can itself be
cons{dered as an increment in vy fur the vhole task. It
can then be messured, in principle, as a change in the
excess ~ontrol capacity because the attainahle score,
Ags On a side task vill decrease as vy increases. For
insiance, our multiple-loop results for both lateval

and longitudinal aircraft control with {ntegrated dis-
plays, 1.e., ultitude and piteh attitude for elevator
and bank angle and ysv rate for lateral control, had
cuter-loop pilot descridbing functions vhich were
! sub tantially the aame as those for single-axis equive-
lent tasks (Refu. 2t and 2%), However, with separstion
of the variableas sbout the panel and vith the scanning
then needed, 'the excess control vorklosd measured nn a
cross~coupisd side task would presumadly increase. The
dif'Csrence betveen the separated and integrated display
excesd control capacities would then be an Indication of
the + anning workload.

Whe ) other modalities are available, such as rotary
motion cued from a moving bdase simulator or actual afre
craft, certain of the visual workiomd requirements can
be reduced. In the case of rotery motions gres“Z, than
senicircular canel threshold levels, the lov.frequency
lebd generation requirements are reduced {(Ref, 26). In
asnence, the rotary motion cues permit the pilot to
clore an inner lovp akin to ‘hat of s rate gyro. Thwe
net effect fa ¢o reduce the (ffective whole-task time
delay by about 0.13 sec (Which also happens to de the
Ong inorement required to develop a first-order low«
frequency lesd}, Thus the total viaval vorkiomd w1l
have been reduced by the addition of wotion. Owe eould
say that the tota) workloed hes pot been chonged bBecoure
whet hed previowsly deen done vith the visual chenmel
vas pov pecomplished by the viaual plue mction chanmels
scting together. Rowever, the motion loome are

+ o,
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:_ucnual..’:y xutomatice-nearly reflexive in nature--40 the presence of
3 coosclious worklomd as reflacted by pilo? ratings. The reinforct
has a qualitatively similar effect. e i

CCRCLUDTHY RYMANKS

the additional modslite really reduces
use of sursl and otlsr sodalities alro

Ve believe that many of the complexities which devolve from the human pllot's presence are nov s r
and useful sudbject of enginee~ing analysis in guidance and control display design. The closed-loop thap::y”for
marual coatrol display systems provides a rational basis for orienting this engineering analysis tovard a
predictadle yractical wessurs of pilot worklood. This messtre is excejs comtrol capacity. Pilot vorkloed
ipcremants dus to lead geperation, scanning, slternate modalities, and that component of physiological stress
2xhibited in peuromusculer system tension can all be subsumed under a vholo~tusk effective time delay, <,
end ths croec-edaptive side task as a mrasure of excess control capacity is, in principle, e conv.aient ipdie

cation of pilot vorklssd. Comprehenaive messures of vorkload in this nontext can then be the components and/
oy totality of Yo And the asaociated side task scores.

To the asvopautical diuplay designer unfamiliar with or unpracticed iz ucing the mathematics of feedback
centrol theory( the use of verbal-analytical models of Puot dyvamics still seems to be a cusbersome and
Mificult "art” to lesrn. Howaver, these "diffioulties” are gredually disappearing as more repid computa-
tlonal eils appear to reduce the artistry in opplication. The biggest challenge for the practioners reasinge--
to nttract more users by simplifying the application of the theory vithout compromising its scope or validity
sxd the physicsl insight for problem-solving provided thédrebdy.
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APPENDIX B

SUMMARY OF PREDICTED PILOT LOOP (TOSURES
FOR THE MULTIAXIS EXPERIMENT WI.TR
CH-53 AIRFRAME DYNAMICS
Contributions by Richard E. Blodgett

A. LONGITUDINAL SEPARATION CONTROL CLOSURE ANALYSIS

A general block diagram for the loops being closed through the
human pilot is shown in Fig. B-1. The block indicated "augmented
CH-52Z airframe dynamics" is obtained as shown in Fig. B-2 by edding
the effects of rotor and actuator lags, and AFC3 feedback to the bare
airframe dynamics. The resulting numerators and denominator for the
various closed-loop transfer functions have been obtained from Table IX
of Ref. 2 and are listed here in Table B-I.

The order in which the loops in Fig. B-1 will be closed is: first,
B - By» and then, u -+ 6, and x - u; simultaneously. The augmented
airframe transfer function * 6/fy is

- .41 (0.0)(C.668)(-10.3) (1)
8  {0.0284)(0.717)(6.48)[0.509; 2.275]

The first loop 6 - By 18 a ow gain manual loop with effective time
delay Tg = .23 sec. Although this munual closure may seem redundant

and deleierious because of the pitch AFCS, the purpose in making this
closure 18 to investipgste the effects of trenasfer of training in adopting
a 0 - By loop by helicopler pilots who may not be accustomed to the
augmented airframe '"short period" dynamic properties provided by the
pltch AFCS, In terms of the block disgram in Fig. B-1, Gg = e~*338 and
Fy = Kg. The objective 18 to choose Kg such as to redunce the damping
ratin of the "short period" complex pair [0.509; 2.275) to not less than
about 0.%, For the purpose of asnalysis, the exponentisl will be repre-
uented by a first order Padd approximation.

*Abbrevinted notation 1is used throughout this Appendix for
polynomial factors of each transfer function in root locus fcrm.
Humbers ¢nclosed in parentheses are first order factors, viz., (s + a) =~ (a)
Quadiratic factors are enclos 4 in brackets, vie.,
(52 + 2tap + o] = ({ ; w). Prefixed numbers not enclosed are the
high fiequency galng of the transfer functions.
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TABLE B-I

AUGMENTED LONGITUDINAL TRANSFER FUNCTIONS RESULTING
FROM A"C8 IMPLEMENTATION IN YIG. B-2 (Ref. 2)

Denominator
A = (o.oeeh)(o.717)(6.&8)(10.0)[0.509; 2.275]
Selected Control Input Numerators

4.41(0.00056)(0.668)(10.0)(-10.314)

=
&

N, = -16.9(0.693)(10.0)(-19.112)[0.034; 2.09] ft/sec (see
rad footnote)

Ng2% = -3110.0(0.0267)(6.77)[0.449; 2.279] ft/sec
: rad
Ngc = -22.1(0.477)(15.2)[-0.663; 2.312] ft/sec
rad

NBC = Ngzh -O.lNgc for a 1:10 glideslope

Selected Gust Input Numerators

6 2

N = =0.,00%24(0.0)(0.643)(10.0) red
Y8 ft/ssc
u

Nug = 0.0227(0.681)(9.4)(10.0)[0.0351; 2,168

*The numerator Ngb is approximated as

Ny, & =16.9 - 19.112(0.693)(10.0)[0.034; 2.09]| for use in the

loop closure calculations.
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T 2 - —T2  (2)

The effective time delay Tg includes the effect of higher frequency
neuromuscular lags and visual delays in the human pilot. A detailed
explanation of the components of this effective delay is given in

Ref. 1. Since the longitudinal gust forcing function bandwidth is so
low (0.2 rad/sec), we expect virtuslly no reduction in time delay from
prefiltering by increased neuromuscular tension.

Combining equations (2) and (1) glves the approximate open-loop
expression

2 S
y—e- =

Closing this loop with a gain Kg = -.2 gives the closed-loop denominator
A" = (0.0255)(0.700) [0.316; 2.29]]0.9k9; 7.041|/(6.0) (3)

where the damping ratio of the short period oscillation has been reduced
to not less than about 0.3.

The next loops to be closed are for perturbed position and velocity.
The column for the "state" display format in Table B-II indicates the
predicted appropriate block values for the diagram in Fig. B-1. The
open-loop transfer function for this loop closure is

<(0.33 + &%, 0,08
323.0 Ky Ty, & LEAD (1/7y,)(0.693) (6.0){0.034; 2.09]

X
Xa (0.0)(0.0225)(0.700) [0.316; 2.29) |o.9h9; 'i.oh1|,

(4)
The additional increment of time delay A“LEAD will be taken as 0.2
sec. (Ref. 3). This results from the pilot having to generate first
order lcad as indicated in the transfer function Gxe in Table B-II. The
required lead time constant TLx typically ranges from two to five sec with
five sec being about the messured human upper limit. The location of
the zero at -1/'1‘Lx 18 very critical with respect to closed-loop system
otability margin. Larger values of TLx lead to more heavily damped

dominant closed-loop roota. The cases to be considered are listed

TR 1A3%=2 B-S



TABLE B-II

Predicted forms for the human pilot describing functions in Fig. B-1 with
changes in Display Format.

DISPLAY FORMAT
DIAGRAM STATE STATE -AND~-RATE DIRECTOR
G-g e-'t'gs e-'fee e-‘l’gs
Fg Ko Ko Ko
Gy 1 1 1
Fu 0 K, * Ky ¥
Gxe Kx(TLx8 + 1)e-Ax Ky * Ky *

#The last two entries in the State and Rate and Director columns

are equivalent to Gxe - Kx(Tan + 1), where TLx - Ku/Kx, iIf T, is
chonged to zero and command input x, is changed to Xo in Fig. B-1.

TR 1A%=2
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below with their corresponding open-lbop transfer functions.
T, = 5.0 sec (A“LEAD = 0.2 gec)

b A

K -161 co - .7

X

Xa 0.09(0.0225)(0.700)(3.77)[C.31
TLX = 3.33 gec (A“LEAD = 0.2 sec)
X

Xe

The resulting root loci are shown in Figs. B-3a and B-3b. From the
corresponding open-loop frequency response in Tables B-IIIa and B-ITIb,
values of K  can be chosen to yield the gain crossover frequency for
maximum phase margin. The results are given in Table B-IV. They repre-
sent the predicted loop closure characteristics for the pilot with the
atate display format.

The final case to be considered is for the pilot to be given a
display of rate as well as position. This is indicated by either the
state-and-rate column or the director column in Table B-II. It may be
noted that AxLEAD = 0 for the reasons that the pilot does not have to
generate his own lead information and no incremental scanning delay 1ic

predicted on the integrated display. The open-loop transfer functions
are

Tre ™ 5,0 gec (A“LEAD = 0)
X oo

Xe

Ty, = 2.5 sec (A“LEAD = 0)
X =

X

(8)
Tabln B=IV again gives the values of Kx which yleld the gain crossover
frequency for maximum phase margin from thc corresponding open=loop
frequency responses in Tables P=IIIc and B-IITi. These results in

TR 1A3-2 B-7
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TABLE B-III (a)

Open-loop frequency response |x/xe| for TLx = 5.0, ATLEAD = 0.2 sec
@ | x/xe| Lx/%e
rad/sec aB deg
« 100 7103 =144%.4
«200 6lelts ~13b.¢3
=] Probable
+ 309 M 5624 “ls4.2
. 400 g§ 53409 -134.n | Crossover
. 590 -;u-_":; 500 77 -134¢¢ | pange
. 600 'é’: 48492 -13k.4
¢ 7100 ol 47637 13444
« 400 H4Ee3V =143}
» )0 44. 76 “14%e%
1000 43¢0 =1nleF
1100 Uze il “18%Fey
1.200 4l+ 3% alflen
1300 424 =1/~%7.0
1400 J¥.04 =17
1500 ’ 3771 =1t
1¢A0J0 S6elv =lndee
1700 4. 34 =lydets
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TABLE B.III (b)

Open-luop frequency response |x/xe| for Tr, = 3:33, O%p,p = 0.28ec

™ 1832

w
rad/sec
o130
«200
¢ 300
« 100
» 500
« A
« )
e
0«31
1700
1.10)
l+2)0
1309
leti))
I oD
Lo

o))

est ava il:i;:rc‘gpy

gePfOJUC

| %/xe |
4B

70+ 50
5975
54.13
S50 h3
433
45499
AUeZ Y4
4« 10
Ul ey
4027
Il
A7
Jfhesd
35 A2
Slege
dee N

JUelte

Lx/xq
deg

=153.6
~149.17
=145.5%
=14345
~143+3
~144.%
“146.7
~14J46
~153.1
=157.0
“1€ley
“lAr.)
1712
=l 1P h
1l
~lrred

“lvdsl

=1 Probable

Crossover

-4 Range



TABLE B-ITI (c)

Open-loop frequency response Ix/xe| for T['x = 5,0, ATLFAD = 0.0 sgec

o | %/ %! Lx/x,
rad/sec dB deg
e 1)) "1 eJ3 =ldgey
200 6lele 1361
030\) a She i ]l et
A » T] Probable
« 10 -~ 936U celrned | '
g, Crossover
«50)0 oD S5J)e 1 S VA-KXS
0 ‘
o 5% . . .
o A0 p ] 4eedi ~lere Range
as ' -
« 70 oS 4757 “13le
UV hbhe)U ~ld4e 3
«¥QU L4lie 1A ~13%7e 44
1.000 43460 =100
14100 42 4b YT
1200 41 «3 7 wldcey
14300 40424 “153e4
1400 ) Iv.04 -] 55e2
1500 37471 =133 !
1.600 3619 -] QB 6
1+700 34034 JWKIY
§ 800 31 .98 =l Med
1.900 2875 =1680¢4
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Open-loop frequency response | x/x.] for Ty, = 2.5, &1
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TABLE B.IV

Summary of parameter choices for maximum phase margin ir the outer
longitudinal separation loop closure.

LEAD TIME Galin CROSSOVER | APPROXIMATE | APPROXIMATE
CONSTANT Kx/ FREQUENCY | PHASE MARGIN| GAIN MARGIN
» 8ec | OTyoany sec | rad/ft 0% deg dB
T rad/sec
5.0 0.2 0.9022 0.4 L7 16
%,3% 0.2 0.0032 0.4 36 15
5.0 0 0.0022 0.4 51 24
2.5 0 0.0050 0.5 25 17
T 1083%-2 B-13




Table B-IV can be used to predict the best displeyed scaling ratio between
state-and-rate signal content and to establish the best feedback gaing
for the director command. "law", 82 as to relieve ithe pilot of generaing
the necessary lead equalization solely from a state displuy of longitu-
dinal separation error Xe.

Since the lead equalization time constant TLx equals Ky/Ky, the
proper displayed scaling ratio between rate xe (= u, if x, = 0) and
state x, is given explicity by TLx' Ir other words, the gain of the
u-display should be TLx times the gain of the :, display. Then by
controlling longitudinal cyclic pitch so as to match the u and x,
symbols in the state-and-rate format or to null the director command in
the director format, the pllot will be assured that the proper lead
equalization is being provided to null xe. The results in Tehle B-IV
showv that 2.5 < TLx < 5 gec, depending on the adopted phase margin
(or damping ratio of the closed~loop phugoid shown in Fig. B-3). Com-
rarison of the corresponding root loci in Fig. B-3c and B-3d shows that
a value of TLx = 3,% gec should provide adequate phase margin in excess
of 30 deg. (Table B-IV) and a closed-loop phugoid damping ratio in
excess of 0.t which is less sensitive to the pilot's gain variation
than 1if a larger value of TLx were gelected. A separation error loop
gain on the order of Ky=0.0032 rad/ft will provide a cronssover frequency
in excess of 0.4 rad/sec to regulate against the longitudinal gust
forcing function bandwidth of sbout 0.2 rad/sec at 60 knots true air
speed.

The root loci in Fig. B-3 also show the effects of the pillot's
adopting a low gain (K4 = =0.2) pitch attitude closure through his
longitudinal cyclic pitch control stick in addition to the loop closure
for the pitch AFC3 described in Fig. B-2. The root loci show that the
pilot will reduce the damping ratio of the "short period" characteristic
oscillation to between 0,3 and O.lt with the recomsended AFCS in Ref, 10
and depicted in Fig. B-2, viz.,

Rotor and
Actuator lag AFCS
Bi(s) = __gﬁpb(a) - 0.4(s + 2) o(s) (9)
s +

where By 4s the longitudinal cyclie (rotor hlade) pitch anglc. Further
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increage in Kg by the pilot will rcduce the short period damping ratio

unfavorably. dowever, the second order lead equalization provided by

the complex zeros, [§,; ayl, in the speed response will tend to reduce

the gsensitivity of the decreasing short period damping ratio to further
increcage in the pllot's pitch attitude gain, Kg.

The flight director command equation can be implemented with the
aid of Table B-II by forming a linear combination of all of the human
pilot's feedback and feedforwafd transfer functions which contribute to
the signel labelled 6o in Fig. B-1, viz.,

Be = =—Kgb = K,u - Kyx, ifxe = 0
= - Kee - Kx(TLxB + 1))( (10)

where -0.2 < Kg € 0 for command consistency with mid-frequency pitch

attitude motion, K. = 0.0032 rad tor adequate gust upset suprression
- £t
bandwidth, and Ty, = 3.3 gec for adequate closed=loop phugoii damping

retio (0.4 < { < 0.5). The relative gains of the various contributions
to the flight director are now estublished. The actual flight director
command signal on the display is given by

b, = 9;38 (11)
K8 p110T BBTICK "DISPLAY

where the values for gains KDISPLAY and KbSTICK must be partitioned in
the experiment to the personal satlrfaction of each subjeet following
the procedure cutlined in Ref. 5.

This completes the analysis of predicted pilot loop closures for a
longitudinal scparation control task in landing approach with CH-=53
dynamics. The folloving gsection in this Appendix presents a simplified
approximate analycis of a decoupled sltitude deviation control task.

B. AUTITUDE CONTROL CLOSUFE ANALYSIS

The simplified tranafer function to be used for simulating the air-

frame altitude deviation (h) response to collective 1ift control (8,)
can be approximated from Table B-I as

L - - 30%9.0 Lt (12)
b,  10.0){0.717){10.0) rad




The pure integration in the altitude deviation response tc collective
11ft control will be approximated as & slow divergence, (- ), where
p= 0.1 rad/sec, so that the only forcing function necessary for this
task will be the pilot's remnant. Therefore, the simulated controlled
element transfer function for the altitude regulation task will be

_h_ - = 305%5.0 £t (13)
bc (=0.1)(0.717)(10.0) rad

Block diagrams of the altitude deviation feedback to the display
end of the pilot's loop closure through the collective control to regulate
altitude deviation are precented in Figs. IV-2 and IV-4 in ‘he text,
Section IV. Although 1t will be displayed, the altitude rate (or
instantaneous vertical speed) feedback will probebly not be needed by
the pilot for equalization, as the closure analysis will show subse-~
quently. Instead the altitude rate (or instantaneous vertical speed)

~display will probably be required only for monitoring rates of change
of the state of vertical error.

The bandwidth of the vertical gust forcing function which would
normelly upset altitude deviation at a speed of 60 knots true air
speed is sbout 1/3 rad/sec. This is only about one-half the bandwidth
of the helicopter's heaving subsidence at 60 knots and suggests that
adequate altitude regulation can be achieved with a pure gain closure
or perhaps a closure with only high frequency lead to reduce the pilot's
time delay. In the actual experiment, of course, the much brosder band
width of the pilot's remnant will serve as a forcing function. In order
to try to predict the gain crossover frequency and equalization which
the pilot may adopt in performing the simulated altitude regulation
task, we have examined the sensitivity of the closure to several valucs
of goin and high frequency lend equalization,

The pilot's effective time delay (7o) for this closure can be
entimnted with sufficient precision by partitioning the delay in two
pnrts: (1) the pure latency, T = 0.1 sec, and (2) the effective low

frequency lag of the neuromuscular system coupled with n free colleective
stick, Ty = 0.2 sec.

oot loei for two {llustrative closures are showm in Fig. A-l,
Correaponding open-loop frequency responses including the probable gain
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crossover frequency range are listed in Table B-V. The probable cross-
over frequency ranges are bounded from below by the gains for maximum

Fhase margin listed in Teble B.VI.

The effect of high frequency lead equalization (0.1 < TL < 0.333 sec)

iy presented in Fig. B-ba and B-4b and Tables B-Va and B-Vb. The estimated
crossover frequency range is from 0.3 to O.4 rad/sec, if the pilot should
adopt lead equalization such that Ty = 0.335 sec. Otherwise, in all cases
examined, the estimated crossover frequency range is from 0.2 to 0.3 rsd/sec,
Cloaures without lead and with 0.1 sec additional effective time delay,
presumed due to an additional scanning delay or neuromuscular lsg, exhibit
£lightly smaller stability margins (and damping ratio) as shown in
Table B-VI.

Since we do not expect the pilot to adopt lead equalization below
2 rud/sec and requiring significant perceptual motor workload in the
sim:lated altitude regulation task, the displayed signal gain for the
ingstantaneous vertical speed display need be only one~half that for the

altitude deviation dlsplay.

C. EXCES8 CONTROL CAPACITY (ATTENTIONAL WORKLOAD) ANALYSIS

The results obtained in Ref. 5 with a secondary cross-coupled
subcriticel roll tracking tesk as a function of various single-axig
controlled elements wiil form a basis for predicting excess control
capacity for the present pllot experiment. The score obtained from the
cross=-coupled gsecondary task 1s the steady-state value of its unstable
pole, vhich represents its rate of divergence or degre= of difficulty;
conscquently, the same score also represents the "degree of ease" of
the primary task. The ubscissa in Fig. A-5 i1llustrates the secondary
task gcores obtained Lrom Ref. 5 as a function of several forms of
controlled element denoted by the symbols along the ordinate. The
secondary tusk scores also correlated well with the subjective pilot
opinion rating of the primary toocks.

Two interpretations can be given to the secondary task score by
normalizing the pcore with respect to the critical or limiting score
vhich the gubjeet can achieve if the seccndary task ia the only task.
Thege two Interpretations of the normalized acore are shown on scalces

nt the top of Flg. A=%. The normalized score itasclf can be interpreted
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TARLE B-V (a)

Upen-loop frecuency response Ih/Bci for T, = 0.333, 7, = 0.3 sec

Te = T+ Th, where the latency, T = 0.1 sec and the effective low
frequency neuromuscular lag, TN = 2.0 sec, The lead equalization is
represented by the first order factor, (1 + JuTp)

) lh/Scl {h/B¢
rad/sec dB deg
'-100‘ 9 e 50 ol WK K]
B ASe 22 =l02ey
4D flevy3 =13ze3 Probable
Crossover
« 4V H4elb “l3ben ' Range
030 9hett 3 =1 3rez |
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e 7)) bledi) =145
+n)0 21 o722 =lue.t
e 00 49« 68 “151ler
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TABLE B-V (1)

Open-loop frequency response ‘h/bcl for T, = 0.1, 7, = (0.3 - '.I‘L) sec
Ta = T+ TN =Ty where the latency, T = 0.1 sec and the effective low
frequency reuromusculer leg, TN = 2.0 sec, The lead equalization is
included in the effective time delay.

w |h~/bc| Lh/8,
rad/sec aB deg
« 100 0950 “l&4. 7
Probable
v200 *® 6527 13546 Crossovey
' Range
e 300 €169 =136
» 400 Y94l 1401
e HUJ 56He 71 ~ld4d4ebs
o 6i) 9459 =149« 7
1)) BWi2e fYf ~154+5
e 200 5092 -159.0
e 49431 “1€63e2
1 e0))0) d7.81 “167%.2

1.100 46.42 =170y
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TABLE B-VI

Summary of parameter choices for maximum phase margin

in the altitude regulation closure

ki
’ L]
Pilot Lead Time Gain Crocsover Approx. | Approx
Effective Constant l K Frequency Phage ' Gain
Time Delay , . Margin = Margin
T, sec T, sec (rad?ft) w,, rad/sec deg | ®
- BT . B R - +
!
0.3 0.333 ' -0.0008 0.3 48 25
(0.3 = TL) 0.1 -0.0006% 0.2 Lh 22
0.3 0.0 -0.00063 0.2 43 19
O.LF 0.0 -0.00065 002 )"'2 17
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88 the excess control capacity which the rilot hes availalle for perform-
ing other tasks while maintaining performance on the primary task(s).
If the normalized score 1s subtracted from unity, the resulting scale
can be interpreted as a measure ‘of the pilot's fractional attentional
workload required for performing the primary task.

At the present state of our understanding, the “"best" partition
of controlled element and display geins ("control gains", for short)
required to produce the results in Fig. A-5 must etill be empirically
determined. Over s wlde range of control gains, however, research in
handling qualities has shown that the average absolute tracking error
1s nearly constant, whereas the pilot's gain varies inversely with
the control gain. The subjective rating of the task and the secondary
task score show a distinet optimum, which 1s not revealed by either
the error score or the pilot's gain. (Refs. 4 and 5.)

The principsl cause of the trends shown in Fig. A-5 is due to the
increasing attenticnal workload which accompanies the generation of
low frequency lead equelizetion by the pilot ag the controlled element
form progresses from K/s to K/s2. However, the extremely high atten-
tional workload (low excess control capacity) associated with the

‘unstable primary controlled element K/(s - 2) in Fig. A5 is probably
csgociated with a different cauge. This cause is thought to be the
increasing neurcmuscular tension which accompanies the consistently
reduced effective pllot's time delsy measured with this type of con-
trolled element for which low frequency lead equalization is not required.

Since the present experiment involves two simultaneous pilloting
tasks for which we wish to predict the excess control capacity, we
shall adopt a technique from Ref. 6 for predicting pilot ratings for
multi=pxis control tasks using single-axis rating data. This technique
is based on an empiricel relationship between measured excess control
capacity and the pilot's generated lead time constant, Tr,e The single-
axio prediction technique is illustrated graphically in Fig. B-5 using
reoults extrepolated from Ref. 5.. The upper portion of Fig. B.5 1is
entered at the ordinate corresponding to the estimated pilot's lead
time constant predicted frnm display-pilot-vehicle closed-loop analysis.
Then by following the indicated arrows, one can estimate either the
attentional workload fraction or the excesa control capacity for the
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single-~axis task.

Reference 6 predicted miltiaxis pilot ratings of hardling quanities
using a method proposed by {ITT in Ref. 7. The predictions were then com-
pared in Ref. 6 with two-ax’s pilot ratings obtained experimentally and
the aversge correlation xas shown to be excellent. When the same method
(Ref. 7) is extended for predicting excess control capacity with the aid
of the lower portion of Fig. B-5 for each axis, multiaxis excess control
capazity, (xscc),, is obtained from the equation

N
(xsce), = f ; i - +¥2lf-1(}‘51/)‘°) - %ASEJ} (14)

where Ag/Ae = £(Ty) is defined by Fig. B=5.

Tpage = T Oapgay/Ae)

ABMAX/XC = maximum excess control capacity among the single
sxes comprising the multi-axis situation.

We shall {llustrate the use of Eq. 1l by predicting a multiaxis excess
control capacity for the experiment. The estimated pilot's lead time

constant for the longitudinal control axis is TL = 3.3 gec from topic A
in this Appendix. (The effective controlled element is K/s2.) By
entering the ordinate of the upper portion of Fig. B=5 at TL = 3.3 sec,
we can use the optimistic extrapolation of Ref. 5 denoted by the broken
line labelled "0", to estimate an upper bound of 0.3% on the exzess
control capacity for the longitudinal axis. We can also use the pessi-
mistic extrapolation of Ref. 5 denoted by the broken line labelled "P",
to eatimate a lower bound of 0.19 on the longitudinal excess control
capuclity.

The estimsted pilot's lead time constant for the vertical control
axin 18 'I'L < 0.5 sec from topic B in this Appendix. A glance at Fig. B-5
shows that, if ’I‘L < 0.5 sec, the predicted single-axis control capacity
would be xﬂ/xc > 0.58 for the vertical axis from the data of
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Ref. 5.. However, the effective controlled element for the vertical
axis is K/s(s + 0.7), which is approximately like the controlled
element K/s(s + 1), for which a measurement of excess control capacity
1s plotted in Fig. A-5 as A\g/Ac = 0.46. This measurement co;responds
to an inferred pilot lead time constant, Ty, = 1 sec, | ‘

Since either task could be performed with an effective director
display-and-controlled element K/s, we ghall adopt the excess control
capacity of 0.75, corresponding to K/s in Fig. A-5, as XSMAX/XC for
use in Eq. 14. Reference to Fig. B-5 will show that X“MAX/XC = 0.75 "
corresponds to TLBASE = 0 in Eq. 14, Hence the indicated summation in
Eq. 14 becomes simply a sum of two single-axis values for Ty, corre-
sponding to the longitudinal and vertical axes in the experiment. The
estimated range for this sum 1is

2
b3 > 35 Ty, > 5.3 sec (15)
1=2
The corresponding optimistic range for the predicted multiaxis excess
control capacity in this experiment is ’

0.08 < (xsce)y < 0.35 (16)!

and the corresponding pessimistic range is

0.08 < (xsec)y < 0419 ; On
There 1s & much simpler empirical way to make thegse multiaxis
cotimates from tne single-axis estimates of excess control capacity,
viz., to mdtiply the single~axis estimates, if they are different, ’
and to uge the single-axis maximum estimate itself when the estimates
for cach axis are equal to the maximum estimate for display-and-con-
trolled clement K/o, To illustrate how closely this rule approximates

the pessimigtic range in Eq. 17, we shall form the indicated products
in Eq. 18.

(0.46)(0.19) < (xsce)y < (0.48)(0.35)
0.09 < (xsce)y < 0.2 (18)
Although Ref. 6 presents nonc of the single-nxis experimental data
by which the accuracy of this "product rule" could be tested, 1t alaso
works quite well on the datn cited in Ref. 7 on the basis of vhich
Eq. ' was derived. In the form of an equation, the product rule for

TR 18%2 B-2n
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tultiaxis excess control capacity is
I -
N . 1
EE (Agy/Ne) 5 May < dayy
. (xece)y = : (19)
Aapax .3 Mgy T rgyay
‘ 1%, 2, + « . K

]
|

The optimistic estimate of multiaxis excess control capacity is less
than 0.35 for the longitudinal and vertical control tasks. This optimie-
tic prediction corresponds to u Cooper Scale Rating of less than 6. The
péssimistic estimate of multiaxis excess control capacity is between 0.7
and O. 2:for the same tasks. This pessimistic prediction corresponds to a
Cooper Scele Rating Beteen ( end 8.. The corresponding subjective rating
of multiuxis controllability and precision basea on fhe scale proposed in
Table IV-5 is estimated to be about C3: "Control’able, with less then
adcquatc precision.” The correeponding eubJective rating of multiaxis
attentional demani based on the scale proposed in Table IV-3 18 estimated

‘to be about Dk: "Qnite demanding."
| ;

Estimates of excess control capacity and rubjective rating with the
director format are expected to be more favorable and less demanding of
attentioh. The multiaxis excess control capacity is predicted to be abdbout
0.5 % 0.1; ;he subjective controllasbility, about C2, "Easy to control, with
faiy precision"; and the,sungctivé attentional demand, about D3, “Mildly
demandiﬁg." , |

t

Mensurements of excess control capacity and subjective rating with the
state-and-rate format are expected to be between those for the state format
and those for the director format. :

D. Multiaxis Scanning Behavior

l "
The general principles and analytical #cchniques for predicting multi-
axis scanning behavior and perfomance 'on a preliminary control display
denign are described end applied in Refs. 8 and 9. Four points of fixation

will bé hypothenized in the pilot experiment: 4wo for the purpose of control

nnd two for the purpose of monitoring. The two fixation points for control
will be the integrated display and the pair of vertical scale displays; the

two points for monitoring will be the airspeed indicator and altimeter.

TR 183-2 B-26
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The cifective dwell fraction (ne) and the scanning frequency (wg)
for the integrated display will be estimated by hypothesizing three
conditions, viz., (1) the look fraction on the integrated display will
epproach its limiting value, 0.5; (2) the average scanning frequency
(und look fraction) on the integrated display will be approximately the
name as that on the palr of vertical scale displays for height control,
hecause these are the only two points of fixation rfor the purpose of
control; and, (3) sampling remnant power for the integrated display will
be suppressed to the sume order of magnitude as equalization remnant
power for the longitudinal position (x) display.

The third hypothesis enables a lower bound to be cstimated for the
effective sampling-to-crossover frequency ratio, S, defined by Eq. 290.

S = wg/ue(1 — ng) (20)

Experimental results in Ref.11 suggested the following ranges of values
for S:

4 <8 <6 for separate displays among which parafoveal
perception is inhibited
6 <8 <10 tor combined displays among which parafoveal
perception may be significant.
However, recent measurements in Ref. 12 suggest that S8 > 15 for thé
outer (position) loop and that 6 < 8 < 15 for the inner (attitude) loop
under simulated instrument flight conditions.

A physical interpretation of the ratio 8 can be gained by converting
the circular frequencies w, and wg in Eq. 20 into their regpective periods,
P, and T4, through the substitutions: g = on/P, and wy = 21/Tg. Then
by using the definition of effective dwell interval (Tgc) from Eq. 26
below, the ratio 8 can be expressed as the rotio of the crossover period
(Pe) relative to the effective fixation interrupt interval (Tg - Tde) or
time-oway from a display, The ratio S should be large to minimize effects
of scanning remnant. An integrated display should help the pilot to adopt
a large ratio 8.
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In order to suppress sampliug remnant puwer to the same order of
magnitude ws equalization remnant power in the x-display, the third
hypothesis can be expressed by the inequality

o
2 %)
L 0T81(1-ne)1(1 F 'l‘f.x;g/

Sf”cx !

(21)

where OTay and (1-ne)i are internal values for processing remnant adapted
from Table II-3 in the text. OTg, will be taken as C.1 sec sud (1-ng),
as 0.9 for making this estimate of 8,. The value for wbx, 0.l rad/sec,
and the value for TLx’ 3.3 pec, are from Topic A in this Appendix. The
value for the longitudinal variance ratio (o%/ci) will be estimated from
the performance calculations which follow subsequently in Topic E of this
Appendix. The lcngitudinal variance ratio lies in the range

0.061 < o?:/ci < 0.2k,

The lower bound is the ug-gust-correlated value; the upper bound is the
uncorrelated variance ratio governed by remnant. After substituting
numerical values in Eq. 21, we obtaln a range for S,: 25.9 < 8, < 52.3.
3ince this range exceeds the measured values for S8 obtained to dste, we
shall adopt a value Sy = 39 near the mid-point for making predictions
of the effective dwell fraction and the scanning frequency on the inte-
grated display. The predictions are summarized in Table B-VII. There
it 18 nlso shown that a value of 8y = 8 in the range of Ref. 12 for the

inner (attitude) loop (which is also presented on the integrated display),
o = 2 rod/sec,
satisfies the equality wCXSx = w8y = @y/(1-n,) required by Eq. 20 for

when multiplied by the immer loop crossover frequency, w,

the integrated display.

. Now the adopted foveal scanning behavior is still unknown. It
depends, for example, on setisfying performance requirements and the
physical upper bound on cumulative visual fovea) fixation dwelli fraction
(seanning workload) expressed in the following equation of constraint.

ut
", +?.. ny = ' ; M oeparate displays; with an optional  (20)
=) scanning worklond margin My for
non-control taake
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001 g6°0 00°1 sTe0Y
0°0 %°0 €L ¢lo*o | €00 PRAICATUOR oIIIY
80°0 n°0 €L} Sloo €0°0 P30 TUON pasdsxTy
2] 0°2 (6
21°0 Al 1°2 G2 ®°0 c2l is0 €9°0 +9°0 91°0 .mﬂuhmu«uHM u
& %0 el
saTeag m ¥
) 6°0 €1 ¢'ec 40 g2 -0 220 16°0 &40 Lt €9 T®ITRSL (X
‘iiﬁﬁﬂ“ﬂr]{
ﬂm«w
Is. 038 2as 238 ZH uww.\ﬂa.u UOn\unu TN,
4 e, v 1 53 So & U * - s ) pelwTdsTs
TeI30BIg Teazayny | Teaxsrull TRAIsATT| Lousnbaxy PuTuTeog (NOTITRIZ| 0738y UTED| SoT3oBIIl BOLvesg omyvH [Locamtacg] pRISTPR
3007 g o1 | Bugrusog Tlaeg Teaacy 03] TIaaq |dreiaycyiiocandaxg] raac ssol
Te3A03 |3AT403335 Tesa0z [Teas0relug [BATIDIITE] 3ATIDNI:

susoriadxy 30TId 933 03 S073STIelg Surcuwog Lv(dsig sPSI3Ay pa3sTeaXd

TIv-g FTEVG

20

R.

AV



This equation 1s called the "scanning workloed constraint." It 1s
applted 1u Table B-VIL by summing the foveal dwell fraction colum, ne.

The sum of the effective dwell fractions will exceed vnity in the
scanning workload constraint. This is called overseturation. Effective
dwell fractions, the sum of which apparently exceeds the scanning work-
load constraint, can be achieved with lower foveal dwell fractions if
parafovial perception of the appropriately displayed signals is not
inhibited. A reduced foveal dwell fraction is estimated in Table B-VIL
from Eq. 23.

ne = Pif——% (0<ng) (23)

where (I = “bp/whf’ the average parrfoveal-to-foveal galn croscsover

frequency ratio.
0 1s largest on a combined dlsplsy with two signals and homogeneous
equalization. Increasing display separation reduces 2 and increasing
the number of displays also reduces . A predicted parafoveal-to-foveal
gain ratio, Q0 = 0.63, makes 1t possibie to achieve a high effective dwell
fruction, n, = 0.84, on the integrated display with a smaller foveal
dwell frection, ns = O 57, listed in Table B-VII.

Predictions for the two monitored displesys, airspeed and altitude,
in Table B-VII are based on two different hypotheses, viz. (1) a foveal
dwell fraction (nr) of M.03 for each; and a foveal dwell interval,

Tq = 0.4 sec for each.

Predictions for the pair of vertical scale displays, h, h, are based
on the remaining foveal dwell fraction (ne = 0,37) required to occupy
fully the pilot's time with less weight given to parafoveal perception.
Jince § = 0,22 by hypothesis, a lower value of the sampling-to-crossover
frequency ratio, 8 = 17, i3 assumed for the height display-control task.

The aversge scarning frequency, (f,), scanning interval (Tg), and
effective dwell interval (Ty ) follow from their definltions.

fg = wy/2n (He) (24)
Ty = 1/f4 (gec) (25)
Tae * MeTq (sec) (26)
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The predicted probabilities of fixation are ldentical to the foveal
dwell fractions whose sum is unity in the central column of Table B-VII.
The gum of the dwell fractions is unity because all of the pilot-subjects'
time will be occupied by the controlling and monitoring tasks.

Likewise the sum of look fractions in the extreme right column of
Table B-VII is unity, because all of the pilot-subjects' fixations sre
predicted to be on the experimeatal displays. The look fraction on the
integrated display, 0.42 is estimated to approach its limiiing vslue,
one-half. The greatest proportion of fixation transitions will ve
between “he integrated display and the pair of vertical scale displays.
The transition "link value" for these two displays can be estimated as
0.79 from the predicted probabilities of fixation by the following
relationship from Ref. 13.

29,9
1; . 200.5M(0.37) | 4,19 (27)
1-E0, 1-0. 464

Other lesser link values between the control displays and the monitored
displays can be estimated in analogous fashion as shown in Fig. B-6.

Vertical ~0.04
Scaleu

h | |<h
f‘“// Integrated

Display

1

0.0

(:::igtltudﬂ

o 1.00

Summation of Link Values

0.79
0.065%
0.06%
0.0
0.0k

Fig. B-H. Predicted Link Values for the Multiaxis Experiment.
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E. Multiexis Performance =)
n
i

The total error variance vector !¢

2
variance vector :etf

{8 related to the coherent
by the equatinn

] 2] = €] 28)

where [ag] is a square coherence matrix contain. g elements of the form

2\ w
_ S22 e )1 s | (o
Segey T 157 v e, 6[ n“:a| (1 + )

with 1 states in the variance vector and J displayed variables and

1. = .n. .
By, ={(‘)‘; 1‘ y 3; 18 the Kronecker delta.

Equation 28 incorporates from TableII-3 in the text that portion of
processing remnant power spectral density which is identified with the
lead cqualizetion time constant TL and which is expected to predominate
over other types of remnant in the multiaxis “ask with the integrated
display. The determinant of [A;] ® Ay 1s called the characteristic
determinant. of stebility in the mean-square sense, or the coherence
determinant. Each component of the coherent variance vector has the form

:,,5 - f:d/lf-la LA (0)
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where (, = xg, Ug» "’g’ for example, for N = 5 independent longitudinal

inpute such as separation measurement noise, and longitudinal and normal
gust velocities. Thus the vector ‘ e?‘will, in general, be a column
matrix of linear combinetions of input-correlated mean-squared errors.
The formal result for the total variance vector is

{7"‘_) e L F} (31)

T T |5

The coherence determinant governs multiloop stebility in the mean-
gquare scnge; therefore, it must be greater than zero. A value for the
determinant which is much less than unity means that incoherent error
power due to processing remnant will be much greater {hanthe coherent
error pover due to inputs and disturbances. If the coherence determinant
approaches unity (its upper bound), the error power will become increasingly
coherent.

We shall illustrate the estimation of the coherent variance vector,
e?}, for two forms of a longitudinal (ug) gust velocity input, viz., (1)
e random input having & continuous power spectrum and (2) a quasi-random
pum-of -sine waves. Both spectra will have the same root-mean-square (rms)
gust velocity, °ug = 5.1 Pt/sec. The required open-loop transfer functions
and closed-loop roots, power spectra, signal variances and rme values are
listed in Table B-VIII. Bode diagrams of the required open-loop transfer
functions are illugtrated in Fig. B=T7 for typical values of the pillot's
pitch attitude and longitudinal separation loop gains selected from
Topic A in the Appendix. Ratios of the correlated rate-to-displacement
signal variance ratios, ai/ai, and oi/cg, can be estimated from the
variances at the end of Table B-VIII. The colierent variance vector for

this example with the indicated ug-sumwof-sine waves input is

— P e ] - 5

:ef} " P N PR (%)
ef 0.31E-0k rad2
og 0.417E-0l rad®
. D) . o

Thviounly, the manually-controlled separation-keeping task is not
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TABLE B-VIII

Open-Loop Transfer Functions and Closed-Loop Roots, Spectra and Variences
for Manually Controlled Inner Pitch Attitude and Outer Longitudinal

Sepuration Loops with a State Display and Longitudinal Gust Disturbances

INNER LOOP 9 — 8, with KO = -0.2

TRANS. FUNCO ON Uu™. I7T F"[
NUMERATOR — High Frequency Gain
L91000E 9 ~——Pade' Zeros - -
( «15703E- 13 . O0000E 1) .=.12121E 2)(=~=,12%2:5 2)
(1/Tgq) (=2w) (-4/mg) (-4/19)
DENOMINATOR
High Frequency Gain
«100N0E l/ == Pade' Poles
I J42999E~ 1)( +10000E 1:¢ 121215 2 .lilﬁlc <.
(1/Tpy) (-Zy) (4/Tq) L/Tg)
«62799E 0 L18918E 1
¢ w
Ne.S. FREG GAIN MARGIN
RAD/SEC 0B
2.941 1¢,575

NO WwC

CLOSED LOOP ROOTS (NUM+DENOM)

«10N0NE 3 7ert°,
( +37300F- 1)( +10000E 1) oe$

HB8277F . J20614UE 1
«98651: U .12485E 2

OUTER LOOP  u—y 8, with K, = 0.00317 rad/ft with inner loop closed
“RwANS. FUNC. ON OUVIIT FILE

Ny “Etb o0 /ﬂigh Frequency Gain

01./1qu"" i
{ «3003r NY( +10NNDE 1)(=,12121E 2)(=,12121E 2)
(/) (2 (-b/5) (-4/Tg)
382056% 1 L,21311E "1

w

4
DENOMINATOR (from closed-loop roots for inner loop above)

«10000E 1
( «000N0E 01 ( L37300E~ 1)( <10000E 1)( LSONOOE 1)

(1/80ygpp)

JNHB2TTE 0 2061UE 1
9I8651E 0 J124H5E 2

™ 1"\'-9 n"’ﬁ



TABLE B-VIII

Open-Loop Trausfer Functions and Closed-Loop Roots, Spectra and Variances
for Manually Controlled Inner Pitch Attitude and Outer Longitudinal
Separation Loops with a State Display ané Longitudinal Gust Disturbances
(Continued)

N.S. FREQ GAIN MARGIN

RAD/SEC Nne
1.285 14,093
2.103 384,197
4,211 26,4193

wC PHASIZ MARGIN
RAD/SEC JEG
414 36.263

CLOSED LOOP ROOTS (NUM+DENOM)

«10000E 1
( +10000E 1)( .25857E 1)

+47914E 0 .39387E O

«65033E 0 .21609E 1
+96085E 0 ,13467E 2

UG-SUM OF SIME WAVES INPUT  RMS= ,5100E 1 sitte 26 Wi

X /UG  TRANS. FUNC,

FREO MAGNITUNE PIHASE REAL IMAGINARY
<19 ~-7.98 =36.56 +3207E 0 -.,2378E 0
50 ~12.13 -133.05 ~,1688E 0 =-.1808E O
1.26 -32.34 ~197.63 =e23N1E~ 1 +7313E- 2
3.02 -50.80 =157.39 - 26626~ 2 =.1108E=- 2
6.28 -61.14 ~170.31 -.86UTE~ 3 =,)1476E~ 3
VARIANCE RMS
X (FT) «32599€ 1 «1805SHE 1
U (FT/SEC) +20065E 0 JUH790E 0
THETA (RAD) 341228~ 4 oSBULUE=- 2
Q@ (RAD/SEC) BIBROKE~ 5 0 23965E 2
0B (1t H1ATRE= 4 6 UKYOE= 2

™ 1IR30 B-%



TABLE B-VIII

Open-loop Transfer Functions and Closed-Loop Roots, Spectra and Variances
for Manually Controll.d Inner Pitch Attitude and Outer Longitudinal
Separation Toops with a State Display and Longitudinal Gust Distrubances

( Concluded )

UG RANDOM INPUT  RMS= ,510 € 1 1/TCR= ,3142E O
L] * F £ /
C.L. SPECTRA ON OUTPUT FILE fa1f-Pover Frequency (red/sec) of first
DENDMINATOR Order Spectrum.
L107007

( «314172 u)( J100NO0E 1)( .25857E 1)
J4T7214E 0 L3938B7E O
Q(JSOKT‘E 0 b21669E ]
«96085E 0 13467E 2

X NUMER  TOR

JB4T9IF -
( <10000E 1) ( +50000E 1)

s99Un9E 0 .12256E 2

THETA NUMERATOR

~-.HA! 95‘ - 2
( 181 94E 0)(=,37324E 0)( 10N00E 1)( 14623E 2)

«98956F - .7483RE 1

0B NUMERATOR

-.58227€~ 2
( «34365F 0)( +1000N0E 1)(=-,12121F 2)(=,12121E 2)

STITOE 0 J16674F 1

UG RANNOM TNPUT RMS= .5100E 1 Y/TCR= J3142E 0O

VARIANCE RMS
X (FT) 25175 1 15867 |
() (FT/SEC) JA6819E 0 J4064ME N
THETA (RAD) CA2779E= B BT253h~ 2
0 (4AD/SEC) JAUTEBE= 4 L3BU2HE~ 2
08 (RAD) «33647E= 4 5B0U6E~ 2
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upset aignificantly by the longitudinal gust rms velocity of 5.1 ft/sec.
We shall illustrate the estimation of the total variance vector,

;ce , for the same longitudinal gust rms velocity of 51 ft/sec with

three sources of processing remnant ny, ng, ng, s depicted in Fig. B-1

or page B~2. The inJjected remnant n, will include the contribution from

ny vhich is appropriate for the state display format wherein the pilot

must supply lead equalization in the outer-loop. Table B-IX presents

cotimated closed-locp spectra and variances for each source of processing
remnant having a unit rms value and first order input noise spectrum with
the indicated half power frequency, 1/Ty, = 1/TCR. The results in Table B-IX
provide the values :or the nine integrals required in Eq. 29 to
“egtimate the elements of the 3 x 3 coherence matrix:

0.741 -35.2 -38.27
(8] = ] -1.91E-05 0.9987 -3.02E-0% (33)
-%,85E-05 -4 .28E-03 0.98a

ifhe coherence determinant |Ag| ® & = 0.732, therefore, we expect that
at least the outer-loop error power will be primarily coherent, i.e.,
due to the gust disturbance.

The coherent variance vector for oy, =51 ft/sec in Table B-VIII is

’ef} = [5.26 £t2 (34)
3H1E-Ob rad2

L1 TE-Ob rid?

After the operations required by Eq. 3 are performed, the resulting total
variance vector 1is

12 o | 8] - rvo e (35)
;g 1.,19E-04 rnda
;f 2.14E-0l rad2
The cnherence vector then becomen
2 [ 2] P B
ool o« lox] - oo (36)
2
Pg 0.286
2
8y Nk

_ n-34

N

™ 17

™
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TABLE B-IX

Closed-Loop Spectra and Variances for Manually Controlled Inner
Pitch Attitude and Outer Longitudinal Separation
Loops with & State Display and Remnant Disturbarnces

NOB RANDOM INPUT RMS= +1000E 1 1/7CR= 1000E 2
C.l.. SPECTRA ON QUTPUT FTLE
DENOM™ LATOR

+10000E 1
( +100N0E 1) ( ,25857E 1) ( .10n00E 2)

47914 O .39387E 0 ’
65033E 0 J21669E 1
.G6085E -0 +13467E 2

X NUMERATOkK

8140978 2
( <10000E 1)( .50000E 1)

» 383756~ 1 J21311E 1
100006 1 .12121E 2

THET. NUMERATOR

-.i <80 2 '
(o000 0) 0 «15T703E~- 1Y L10000E 100 OHO0ND0E 13( .2 21E 2)
( «12121€ 2)

0B NUMFRATOR

252318 1
( .000NNE 01 ( J42999E=- 1)( +145'D0E 1) (0 ,50N0NE 1)

h2799F 0 .18918E 1

NDB RANDOM INPUT RMS= ,1000E 1 1/TCR= J1000E 2

VARIANCE RMS
U (FT/SEC) JUNB9TE 3 2111080 2
THETA (RAD) «3018UF 0 Jhu9nal 0
Q0 (RAD/SEC) «87526E 0 93D © 0
08 (rRAD) JOTBNE 1 410300k )
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TABLE B-IX

Closed-Loop Spectre and Variences for Manually Controlled Inner
Pitch Attitude and’ Quter Longitudinal Separation
" Loops with a State D}splay and Remnant Disturbances
Continted)

!
!

NTHETA RANDOM INPUT 'RMS= +100GDE 1 1/7TCR= 400nE 1

C.L. SPECTRA ON OUTPUT FILE

DENOMINATOR

L16000E 1 :
( «10000E 17( +25857E 1)( 40.i00E 1)

J47914E 0 J39387E O ‘
265033E 0 121669E 1 '
«96085E T J13467E 2

X NUMERATOR ’

=+10309F 2 ,
{ +10000E i)(, +50000E 1)(=.12120E 2)(=-.12122E 2)

4

J3B325E~ 1 :.21311E 1
THETA N MERATOR

b 28 1 . \
( .00 OF 0)( .15703E= 1)( .10000E 1)( .S50000E 1)(=.12121E
(“012‘5161 2)

08 MNJIME~ATOR;
»
-.31215E 0 ‘ :
( +00000E 0 L42999E=- 1)( «10UNODE 1) ( .500N0E 1)

«62799€  .18918E 1
-.1000NE 1 ,12121E 2

NTHETA RANDGH INPUT RMS= 1000+ 1 1/TCR= Ju0N0E 1

1

VARIANCE RMS
X (CT) .38045E 3 olgSOMi 2
U (FT/SEC | L43327E 2 .65823% 1
THETA (RAD 2T110E~ 1 L 16U6%E O
0 (RAD/SEC) J6318AE= 1 1 J2%137E 0
08 (RAD) U6305E- «21519E 0

™ 18%-2 B-hO
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TABLE B-IX

Closed-Loop Spectra nnd Variances for Manually Controlled Inner
Pitch Att‘cude and Outer Longitudinal Separation
Loops with a State Display and Remnant Disturbances
( Concluded)

NX RANDCM INPUT RMS= ,1000E 1 1/TCR= .30N3E O
C.els SPECTRA ON OUTPUT FILE

DENOMINATOR

«10000E 1
{ «30030E 0)( +10000E 1)( .25857t 1/

J47914F 0 .39387E O

«6R033F 0 .21669E 1

«96085E 0 J13467E 2
X MIMERATOR

f TUSL1F )
( «30030E O ( 10000E 1) (=e1=i21E ) (=,12121F 2)

.38325E~ 1 L21311E 1
THETA NJUMERATOR

"-10‘30.)5

( +O00000F  0){ +15703E= 1)( +30/30E 0)( +10c¢dNE 1){=.1217°1E
(=.12121E 2)

08 NIMEATOR

023|"7RE“' 1
( 0NANNE 13 ( J42999E- 1)( J30030E 0)( 100NOE 1) (=, - 1E
(=.12°?21E 2)

62799 0 18918E 1

NX RANCOM [NPUT  RMSZ 1000E . 1/TCR= .3003E O
VARIANCE AMS

X (FT) J12763E L 132976 )

U (FT/3E0) JILGHUE 0 .3B268F O

THETA (RAD) 9UB806E~ U W9 T214€C~ 2

0 (RAY/SEC)  238570E- 3 . 18353E~ 1

08 (RAD) «19041E- 3  .13799E- 1

TR 1832 Baly
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The predicted gust-correlated and total rms values of the five variables
listed in Table B-VIII are summarized below for 5ug = 5.1 ft/sec and including

contributions from processing remnant as described above.

Gust-Correlated Total rms Value Relative Coherence

rms Value with Processing )
for Tug = 5.1 ft/sec Remnant e

x (ft) .18055E 1 210 F 1 0.74%
u (ft/sec) LALT9LE 0 O70E O 0.21
0 (rad) 58U1LE~ 2 1.090 E- 2 0.29

q (red/sec) .28965E~ 2 3,520 E- 2 0.007
8y, (in) .6L559E~ 2 1.460 E- 2 0.2
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AFFPENDIX C

DERIVATION OF RATING SCALES FOR
DISPIAY EVALUATION

by Henry R. Jex

The purpose of this appendix is to derive an appropriate set of rating
scales for subjective evaluation of the control task difficulty and the

attentional demands of the display in simulation programs involving display/
pilot/vehicle interactions,

A, BACKGROUND AND RATIONALE

The technical approach employed here derlves from the well established
art of aircraft handli-, sralities assessment; pioneered by Cooper (Ref. 1),
refined by Harper (Ref. 2), put on a rational basis by Ashkenas (Ref. 3),
and connected to the equally complex art of psychophysical scaling by
McDonnell (Ref. 4).

Our rationale for selecting the scales and scheme was based on the
following criteria:

1. It is necessary to separate out the difficulty of the
task (situation, criteria, forcing functions, control
and vehicle dynamics) from the attentional workload of
the diaplay, per se (related to its perceptual properties,
dynamics, viewing conditions, etc.).

2. The problem is less "global" (more specialized) than
overall handling-qualities ratings, and the acales
should reflect these conatraints.

3. It is desirable to have a scale known to be of "interval"
type, to permit simple arithmetic averaging and classical
ptatistical analyses,

The first two criteria result from the realization that, whereas overall
handling qualities evaluations lump all o: the system characteristics
under one evaluation, display quality evaluations must be able to isolate
d1nplny defects from (say) controlled-element defects, Consequently, rn
independent suhjective evaluation of the latter is rcquired. For the
majority of foreseeable situations, the primary task-related traits will

LELER RS -



be the "controllability and adequacy of precision” obtainable under the

ldeal display conditions, as well as the "afitentional workload" of the
display itself,

The third criterion (inte.val-type scales) is based on practical
conslderations, '"Ranking" scales require nonparametric statistical
analyses, which are less well developed and less availlasble as computer
suhroutines than classical parametric statistical methods (e.g.,
analysis of varlance, linear regression analysis, etc.). Interval-type
scales permit all these efficient subroutines to be used. Ratio-typa
subjective scales have been evolved and used successfully, notably by
Vercace (Ref, 5) and Nordstrom (Rel. 6). However, ratio-type scales
are needlassly complex for the intended experiments, because each
evaluation requires return to the reference conflguration. In our
experiments, which would involve resetting a large number of parameters
for each data point, this technique would consume too much time.

The research in Ref. 4 showed that an interval-type semantic scaling
of specific evaluation phrases could be derived via the "Method of
Successive Intervals,' basing these intervals on the "discriminal
dispersion," OW (standard deviation of subjective numerical ratings
for a given phrase among a large population of pilots). The resulting
gsemantic scale is called a "y-scale" and has the properties of an interval-
type scale with roughly homogeneous rating variances (o%) across the scale.
In 1light of the foregoing considerations, the display rating scales ware
based on the pkrases and y-scale data in Ref, U4,

B, BILECTION OF THE BCALES

The array of 64 hendling qualities evaluation phrases in Ref. 4 included
gradations within several "trait" groups, such as: overall handling
qualitien, controllability and precision, vehicle response characteristics,
demands on the pilot, etc. Most of the vehicls-npecific trait groups are
not of interest here, but the (task) Controllability and Precision and
Demands on Pilot groups are directly applicable to display rating.

Within each group a solection of five phrases was made, according to the
following critveria:

TR-10%-2 C-2



1. Roughly uniform intervals across the totel range of
¥y from 1 to 10,

r

Roughly equal discriminal dispersions,
5. Context relevant to the display task situation,
4, Simple terms with consistent adjectives.

Five evaluation levelis are considered quite adequate for the simple
traits being vated (9 or 10 are required for global handling qualities
to provide more contextual degrees of freednm), The selscted phrases
are shown in Table C-I, arranged in their semantic relationship (V) as
determined from Table B-I (Col., “)of Ref. 4. Alsc shown in Table C-I
are the corresponding discriminal dispersions, OW' It is clearly
apparent that the goals of uniform coverage and veriance are met.
Furthermore, there is an approximately QGW separation between phrases,
1mplying clear semantic distinctions.

The five levels in each category are given rating scale numbers from
1 to 5 from best-to-worst, in line with established handling qualities
rating practice. Task Controllability and precision ratings are coded
as8 C1—C5, while Display attentional demand ratings are coded as D1 -D5,
as shown in Table IV-3 in the text.

C. UBE OF BCALES

For proper evaluation of a display, it should be tested in the context
of the intended operational situation. Practically speaking, this means
specifying a realistic "scenario" for the simulation and using similar
mission criteria, cammands, disturbances and controlied elements, All
subjects must be told the same scenario and criteria.

Both the task controllability and display workload must be rated, to
be able to soparate out the demands due to controllability (of task and
vehicle origin) from those of the display itself. A specific formuls.
for this separation is not yet available and will be one object of pending
experimerts.

To guide the controllability and precision rating, a three-stage
decinion procesa has been indicated in Table IV-3 {n the text:
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TABLE C-I

SEMANTIC RELATIONSHIP OF DISPLAY RATING PHRASES

DEMANDS ON PILOT CONTROLLABILITY
SEMANTIC “...0f pllot attention, SEMANTIC ...and precision of
SCALE skill, or effort." SCALE control
W\See Notes: v

] 1

Completely undemanding

Very easy to control,
(relaxed and comfortable)

with good precision

Lergely [mostly)
undemanding

Easy to control, with
fair precision

Mildly demanding...

Controllable, with...
inadequate precision

T
@ Quite demending...
8 8-1
16) Completely demanding... Marginally ccntrollable
9 9_4
10 10 J==—@) uncontrollavle

Notes: (Data are from AFFDL-TR-68-76; Ref. L)
1. ¢ denotes semantic scale obtained by method of Successive Intervals.

AN { denotes the "sempntic discriminal dispersion" (standard deviation
of { scores).

%, (:)donoteu code number of phrase in Ref. L,
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1. "Is it controllable?" Sepurates C1-Ck from C5,

2. "Is the control precise enough for the mission
criteria?" Separates C1-C¢ from C3-Cl,

3., "what remaining phrrse best describes the evalu-
ation?" Selects the specific phrase and rating.
A corresponding decision tree is not useful for the display worklcad
rating, because the 5 levels are simply gradations along the continuum

of demands on the operator's attention, skill or effort in using the
display for the task at hand.

In use, experlence has shown that at least two replications per
configuration should be made with two or more experienced operators
to provide a measvre of intrinsic variance and remove learning and
chance artifacts. A typical comparison between ohbjective (performance)

measures and subjective display rankings among four pilots is givea in
Ref. T.

CONCLUSIONS

A pair of simple reting scales for use in research on manual control
displays has been derived (Table IV-3), based on the cxtensive €oundation
provided in Ref. 4. These scales are of interval-scale quality and will
permit averaging and other standard parametric statisticsl analyses.

Use of two trait categories: '"task controllability-and-precision” and

"display attentional workload," should permit separation of these often-
confounded effects,

It 18 recommended that these rating scales bc used in all display-
related gimulations to provide the data base needed to refine them and

to provlde a formula for separating the controllability and display
workload factors,
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